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which( is( of( polysaccharide( nature.( The( detection( of( the( capsule( using( specific(
antisera( is( used( to( identify( pneumococcus.( Also,( differences( in( structural( and(
antigenic(properties(of( the(polysaccharides(composing(the(capsule(have(been(used(
to(classify(pneumococcus(into(serotypes.(
Pneumococcus( that( do( not( express( a( capsule( are( maintained( in( nature.( In(
comparison( with( encapsulated( pneumococci,( non+encapsulated( pneumococci( (NT)(
have( been( poorly( studied.( Additionally,( the( distinction( between( NT( and( closely(
related( Streptococcus( species( can( be( difficult,( even( when( molecular( methods( are(
used.(
The(aims(of(this(thesis(were(to(gain(insights(into(the(genetic(basis(of(non+typeability(
and( genomic( content( and( diversity( of( NT( circulating( in( Portugal,( and( to( improve(
molecular(identification(of(pneumococcus(by(real+time(PCR.(
To(address(these(goals(three(studies(were(performed:((i)(the(characterisation(of(the(
NT( population( circulating( in( Portugal,( (ii)( the( characterisation( of( α+haemolytic(
isolates(of(the(viridans(group(of(Streptococcus(of(ambiguous(identification(by(widely(
used( pneumococcal( identification( methods,( and( (iii)( the( evaluation( of( the(
performance( of( currently( in( use( and( novel( real+time( PCR( strategies( to( identify(
pneumococcus.(
In( the( first( study,( 52( NT( strains( representing( the( lineages( circulating( in( Portugal(
between( 1997( and( 2007( were( characterised( to( gain( insights( into( their( genetic(
!viii(
content( and( mechanisms( leading( to( non+typeability( and( genetic( diversity.( By(
sequencing( of( the( capsular( region,( NT( were( found( to( be( an( homogeneous( group(
belonging(to(cps(type(NCC2,(as(all(strains(harboured(both(aliB+like(ORF1(and(aliB+like(
ORF2(genes.(By(comparative(genomic(hybridisation(with(a(microarray(covering( the(





carriage( surveillance( studies,( of( 11( α+haemolytic( streptococcal( isolates( displaying(
conflicting(or(novel(results(by(widely(accepted(pneumococcal(identification(methods.(
To(understand(the(genetic(basis(for(the(unexpected(results(obtained(for( lytA+BsaAI+
RFLP,( the( isolates(were( further( characterised.( The(usefulness(of( the( lytA+CDC( real+
time( PCR,( currently( recommended( by( the( WHO( for( the( culture+independent(
identification( of( pneumococcus,( was( also( assessed( for( these( isolates.( Use( of( the(
MLST( scheme( for( pneumococcus( and( the(MLSA( scheme( for( the( viridans( group( of(
Streptococcus( led( to( the( identification(of( four(pneumococci(among(the(11( isolates.(
Three(of(the(four(pneumococci(had(a(60bp(deletion(in( lytA,(resulting(in(a(new( lytA+
BsaAI+RFLP(pattern(but(not( in(misidentification(by( the( lytA+CDC( real+time(PCR.(The(
fourth( pneumococcal( strain( harboured( a( lytA( homologue,( resulting( in(
misidentification( by( both( lytA+BsaAI+RFLP( and( the( lytA+CDC( real+time( PCR.( The(




lytA+CDC( real+time( PCR.( The( two(S.1 pseudopneumoniae( harboured( (pneumococcal)(
lytA,( resulting( in( misidentification( by( both( lytA+BsaAI+RFLP( and( the( lytA+CDC( real+
time(PCR.(
In( the( third( study,(a( collection(of( close( to(600( streptococcal( isolates(was( tested( to(




hylA,( and(SP_2020.(The(piaB( real+time(PCR(assay(was(previously(used(by(others( in(















O( pneumococo( é( um( dos(mais( importantes( patogéneos( humanos.( O( seu( principal(
factor( de( virulência( é( a( cápsula,( de( natureza( polissacárida,( cuja( detecção( com(
anticorpos( específicos( é( utilizada( na( sua( identificação.( As( diferenças( estruturais( e(
antigénicas( dos( polissacáridos( constituintes( da( cápsula( permitem( a( divisão( de(
pneumococos(em(serótipos.(
Existem( pneumococos( que( não( possuem( cápsula( –( designados( pneumococos( não(
capsulados(–(que(estão(pouco(estudados.(Devido(à(ausência(de(cápsule,(a(distinção(
entre( pneumococos( não( capsulados( e( membros( das( espécies( de( Streptococcus(
filogeneticamente(mais(próximas(de(pneumococos(pode(ser(difícil,(mesmo(quando(
feita(através(de(métodos(moleculares.(
Esta( tese( teve( como( objectivos( aprofundar( o( conhecimento( relativo( aos(
pneumococos(não(capsulados,(nomeadamente(as(alterações(genéticas(que(causam(a(




população( de( pneumococos( não( capsulados( em( circulação( em( Portugal,( (ii)( a(
caracterização(de(isolados α+hemolíticos(do(grupo(viridans(do(género(Streptococcus(
com(características(ambíguas(que(tornam(difícil(a(sua(identificação(e((iii)(a(avaliação(
de( resultados( de( estratégias( de( identificação(de( pneumococos( por( PCR( em( tempo(
!xii(
real.( Neste( último( ponto,( foram( avaliadas( tanto( estratégias( actualmente( utilizadas(
como(novas(estratégias(desenvolvidas(no(âmbito(desta(tese.(
No( primeiro( estudo,( foram( caracterizadas( 52( estirpes( de( pneumococos( não(
capsulados( representativas( das( linhagens( em( circulação( em( Portugal( entre( 1997( e(
2007,( com(o( objectivo( de( conhecer(melhor( o( conteúdo( genético( destas( estirpes( e(
compreender(os(mecanismos(responsáveis(pela(ausência(de(cápsula(pela(diversidade(
genética( encontrada.( Através( da( sequenciação( da( região( capsular( foi( possível(
perceber( que( os( pneumococos( não( capsulados( estudados( representam( um( grupo(
homogéneo( de( estirpes( pertencentes( ao( tipo( cps( NCC2,( uma( vez( que( todas(
continham( os( genes( aliB+like( ORF1( e( aliB+like( ORF2.( Por( estudos( de( hibridação(
genómica( comparativa( com(um(microarray( que( inclui( o( genoma(de(10( estirpes(de(
pneumococos,( foi(possível(observar(que(o(genoma(essencial( (de(core(genome)(dos(
pneumococos( não( capsulados( é,( na( sua( essência,( semelhante( ao( de( estirpes(
capsuladas( de( pneumococos.( Os( genes( de( competência( e( a(maioria( dos( genes( de(
virulência(presentes(em(estirpes(capsuladas(foram(detectados(nos(pneumococos(não(
capsulados.(A(variabilidade(intra+clonal(encontrada(nas(NT(não(pôde,(no(entanto,(ser(
integralmente( explicada( pela( presença( de( elementos( móveis,( com( base( na(
metodologia(utilizada.(
O(segundo(estudo(teve(origem(na(identificação,(no(decorrer(de(estudos(de(vigilância(
de( colonização( por( pneumococos,( de( 11( isolados( α+hemolíticos( do( género(
Streptococcus( com( resultados( díspares( ou( novos( quando( foram( usados( diferentes(
métodos( de( identificação( de( pneumococos.( Para( procurar( perceber( os( resultados(
inesperados( obtidos( por( lytA+BsaAI+RFLP,( foi( feita( uma( caracterização( mais(
! xiii(
detalhada(destes( isolados.(A(pertinência(de(se(utilizar(o(ensaio(do(CDC(de(PCR(em(
tempo(real(para(o(gene( lytA( (lytA+CDC),(actualmente( recomendado(pela(OMS(para(
identificação( de( pneumococos( por( métodos( não( dependentes( de( cultura,( foi(








sete( isolados( foram( identificados(como(cinco(S.1mitis( e(dois(S.1pseudopneumoniae.(
Em(todos(os(S.1mitis( foram(detectadas(mutações(pontuais(num(gene(homólogo(de(
lytA,( resultando( em( dois( novos( padrões( de( lytA+BsaAI+RFLP.( Estes( isolados( foram(
correctamente( identificados( pelo( lytA+CDC.( Nos( dois( S.1 pseudopneumoniae( foi(
detectado( o( gene( lytA,( o( que( resultou( na( incorrecta( identificação( tanto( por( lytA+
BsaAI+RFLP(como(pelo(lytA+CDC.(
No( terceiro( estudo( estudou+se( uma( colecção( de( cerca( de( 600( isolados( do( género(
Streptococcus(para(avaliar(o(desempenho(de(vários(ensaios(de(PCR(em(tempo(real(na(
identificação( de( pneumococos.( Esta( colecção( incluiu,( como( estirpes( controlo,( 150(




real(piaB( é( usado( por( outros( grupos( de( investigação( em( paralelo( com( o( lytA+CDC(
para( aumentar( a( especificidade( do( ensaio.(Os( ensaios( tendo( como( alvos( os( genes(




No( seu( conjunto,( o( trabalho( apresentado( nesta( tese( apoia( a( inclusão( de(
pneumococos(não(capsulados(na(espécie(S.1pneumoniae,(alerta(para(a(existência(de(
isolados(do(género(Streptococcus(para(os(quais(a( correcta( identificação(da(espécie(
pode( ser( difícil,( mesmo( utilizando( métodos( amplamente( aceites( de( entre( os(






basis( of( non+typeability( and( genomic( content( and( diversity( of( non+typeable(
pneumococci( circulating( in( Portugal,( and( to( improve( molecular( identification( of(
pneumococcus(by(real+time.(
Chapter0 1( is( a(general( introduction(presenting( important(aspects(of( the(biology(of(
the(pneumococcus(relevant(for(the(scope(of(this(thesis.(In(particular,(epidemiology,(
the( polysaccharide( capsule,( and( identification( methods( are( among( the( topics(
covered.(
Chapter02(describes(the(genetic(characterisation(of(the(non+typeable(pneumococcal(





Chapter0 3( describes( the( characterisation( of( 11( isolates( of( the( viridans( group( of(
Streptococcus( presenting( conflicting( or( novel( results( by( widely( accepted(
pneumococcal(identification(methods.(The(lytA(gene(was(sequenced,(the(usefulness(
of( using( molecular( methods( targeting( this( gene1 was( assessed,( and( multilocus(
sequence(analysis(was(used(to(infer(the(species.(
Chapter0 4( describes( a( study( conducted( to( evaluate( currently( available( and( novel(
real+time( PCR( assays( for( the( identification( of( pneumococcus.( Four( real+time( PCR(
!xvi(
assays( were( tested( with( a( collection( of( close( to( 600( samples,( including( 150(
pneumococcus(and(31(strains(from(other(Streptococcus(species.(
Chapter0 5(presents(general(conclusions(of( the(studies(conducted( in( this( thesis(and(
enumerates( several( questions( that( remain( unanswered( and( could( be( the( focus( of(
future(research.(
Chapters02,03,0and040can(be(read(independently.(
Chapter0 2( is( a( reproduction( of( the( following( publication:( D.0 A.0 Tavares*,0 A.0 S.0
Simões*,0H.0J.0Bootsma,0P.0W.0M.0Hermans,0H.0de0Lencastre,0and0R.0SáPLeão.02014.(
Non+typeable( pneumococci( circulating( in( Portugal( are( of( cps( type( NCC2( and( have(
genomic(features(typical(of(encapsulated(isolates.(BMC(Genomics(15:(863+77.(*Equal(
contribution.(
Chapter0 3( is( a( reproductin( of( the( following( publication:( A.0 S.0 Simões*,0 D.0 A.0
Tavares*,0D.0Rolo,0C.0Ardanuy,0H.0Goossens,0B.0HenriquesPNormark,0J.0Linares,0H.0de0




















































































Pneumococcus( was( isolated( for( the( first( time( in( 1880( by( G.( M.( Sternberg( after(
inoculation(of( his( own( saliva( into(mice.( In( the( same(year,( pneumococcus(was( also(





and,( soon( after,( it(was( also( associated(with(meningitis,( endocarditis,( arthritis,( and(
otitis( media( (reviewed( in( Austrian,( 1999;( Lopez,( 2006).( At( the( beginning( of( the(
twentieth( century,( the( burden( of( pneumococcal( pneumonia( was( so( high( that( the(
disease(was(termed(“The(captain(of(the(men(of(death”((reviewed(in(Austrian,(1999).(
Such(a(threat(to(human(life(soon(attracted(the(attention(of(the(scientific(community(








negative( (reviewed( in( Austrian,( 1960).( Also( important( was( the( identification( of(
characteristics(that(differentiated(pneumococcus(from(other(bacteria(by(F.(Neufeld.(




rabbits( injected(with(heatEkilled(pneumococci( or( culture( filtrates( contained( factors(
that(conferred(immunity(to(reinfection(with(the(same(strain(but(not(necessarily(with(




phagocytic( cells( (reviewed( in( Watson! et! al.,( 1993).( In( 1913,( serum( treatment( of(
pneumococcal!pneumonia(started(to(be(used(at( the(Rockefeller( Institute( (later( the(
Rockefeller(University)(and(caseEfatality(rates!were(reduced(to(c.a.(20%!(reviewed(in(
Austrian,( 1999).( In( 1923,( M.( Heidelberg( and( O.( T.( Avery( identified( the( soluble(
substances(of(pneumococcus(as(polysaccharides(and(showed(that(they(had(antigenic(




Simultaneously( to( the( beginning( of( serotherapy,( J.(Morganroth( and(M.( Kaufmann(
reported,( in( 1911,( the( use( of( ethylhydrocupreine( (optochin,( a( derivative( of( the(
antimalarial(quinine)(to(treat(experimentally(infected(mice,(one(of(the(first(examples(
of( the( use( of( a( specific( antimicrobial( agent( as( therapy( to( treat( serious( bacterial(
infection( (reviewed( in( Watson! et! al.,( 1993;( Lopez,( 2006).( However,( the( use( of(
optochin(was( soon(abandoned(due( to( its(optic( toxicity( (reviewed( in(Watson! et!al.,(
1993).( Sulfapyridine(was( also( the( treatment( of( choice( for( a( short( period( until( the(
introduction(of(penicillin(in(the(early(1940s.(The(use(of(penicillin(reduced(the(overall(
fatality( rate( of( pneumococcus( to( 5E8%,( an( improvement( in( comparison( to( the(
reduction(to(the(vicinity(of(20%(previously(accomplished(with(serotherapy((reviewed(
in(Lopez,(2006).(The(impact(of(the(introduction(of(antimicrobials(was(so(impressive(
that( the( study( of( microorganisms( was( considered( by( some( a( waste( of( time.( The(
battle(against( infectious(diseases(was(declared(won.(But(this(was(a(sour(victory,(as(




expressing( significantly( increased( resistance( to(optochin(were( also( recovered( from(
the(blood(of(treated(patients(in(1917(and(1918((reviewed(in(Austrian,(1999).(In(1943,(
the( first( sulphonamideEresistant( isolates( were( reported( by( Tillett,( et! al.( More(
importantly,( it(was( also( in( 1943( that( L.(H.( Schmidt( and(C.( L.( Sessler( described( the(
isolation( of( penicillin( resistant( pneumococci( from( mice( treated( for( experimental(





resistance( was( mostly( overlooked( until( the( 1980s,( when( infections( caused( by(




pneumococcal( disease.( Ironically,( studies( for( the( development( of( pneumococcal(
vaccines( had( been( initiated( in( 1911( (one( year( before( the( isolation( of( the( first(
antimicrobial(resistant(pneumococcus)(with(the(work(of(A.(E.(Wright(and(F.(S.(Lister(
suggesting( that( inoculation( of( dead( pneumococci( might( elicit( protection( against(
pneumococcal( infection( in( humans.( At( the( time,( Lister( also( reasoned( that(
immunisation( of( half( the( members( of( a( closed( population( would( benefit( the(
unimmunised( half( by( preventing( the( spread( of( pneumococcus( in( the( population!
(reviewed(in(Watson!et!al.,(1993;(Austrian,(1999).(In(1926,(capsular(polysaccharides(
were( isolated(and(a(number(of(studies(were(conducted( in(the(1930s(and(1940s(on(
the( effectiveness( of( vaccines( aimed( to( prevent( pneumococcal( disease,( all( showing(
that( healthy( adult( volunteers( were( protected( against( pneumococcal( infection( by(




later,( pneumococcal( vaccines( containing( two( and( later( three( typeEspecific(
Introduction(
( 7(
polysaccharides(were(demonstrated(efficacious( in(an(elderly(cohort,( leading( to( the(
commercial(production(of( two(hexavalent(polysaccharide(vaccines.(However,( these(
vaccines(were(soon(withdrawn(from(the(market(as(they(became(available(when(all(





rates( were( shown( to( reach( 17%( for( adults( with( uncomplicated( bacteraemic(
pneumococcal( pneumonia( treated( with( penicillin,( exceeding( 25%( in( highErisk(
populations( (Austrian( and( Gold,( 1964).( Studies( by( Austrian( culminated( with( the(





But( the( finding( with( the( highest( impact( on( biology( to( arise( from( the( study( of(
pneumococcus( (and(bacteriology)(was(undeniably( that(DNA( is( the(genetic(material(
(Avery!et!al.,(1944).(Studies(leading(to(this(historical(finding(started(in(1928(when(F.(
Griffith( reported( that( coEinfection(of(mice(with( live( avirulent(bacteria(expressing(a(
rough(phenotype(and(dead(virulent(strains(expressing(a(smooth(phenotype(resulted(




substance( responsible( for( the( genetic( exchange( in( bacteria( resulting( in( an(
unexpected(phenotypic(change(“the(transforming(principle”((reviewed(in(Watson!et!
al.,( 1993;( Lopez,( 2006).( In( Avery’s( laboratory,( it( had( been( recently( demonstrated(
that( the( differences( between( pneumococcal( strains( resulted( exclusively( from(




dead( strain( incorporated( to( modify( the( live( one( because( carbohydrates( were(
thermostable(and(transformation(would(not(occur(if(the(dead(strain(was(subject(to(
temperatures(higher( than(80°C( (reviewed( in(Russell,( 1988).(Nevertheless,(Griffiths’(
studies(were(only( recreated(and(extended(by(Avery(and(his( team((C.(M.(MacELeod(
and( M.( McCarty)( after( others( had( confirmed( the( occurrence( of( transformation(
(reviewed( in( Russell,( 1988).( In( the( experiments( performed( in( Avery’s( laboratory,(
previously( unencapsulated( (rough)( strains( would( acquire( a( capsule( through( the(
incorporation( of( some( component( from( crude( extracts( of( the( smooth( variant(
becoming,(in(McCarty’s(words,(a(“sugarEcoated(bacteria”.(In(1944,(Avery,(MacELeod,(
and( McCarty( determined( that( Griffith’s( “transforming( principle”( was( DNA.( In( the(
words(of(Avery,( “it(means( that(nucleic( acids( are(not(merely( structurally( important(
but( functionally( active( substances( in( determining( the( biochemical( activities( and(
specific(characteristics(of(cells(and(that(by(means(of(a(known(chemical(substance(it(is(
possible( to( produce( predictable( and( hereditary( changes( in( cells.( This( is( something(
that( has( long( been( the( dream( of( geneticists.”( (reviewed( in( Austrian,( 1999).( This(








Although( pneumococcus( has( always( been( the( subject( of( great( interest( due( to( its(
undeniable(clinical(importance,(pneumococcus(is(mainly(a(commensal(of(the(human(
upper( respiratory( tract( (Bogaert! et! al.,( 2004).( Nasopharyngeal( colonisation( is( very(
frequent( in( young( children( (with( percentages( of( carriage( reaching( 60%)( becoming(
less(frequent(at(older(ages((Aniansson!et!al.,(1992;(Hussain!et!al.,(2005;(Nunes!et!al.,(




The( duration( of( pneumococcal( colonisation( usually( lasts( a( couple( of( weeks,( but(
colonisation( periods( can( reach( several(months,( especially( in( younger( children( (SáE
Leão!et!al.,(2008;(Abdullahi!et!al.,(2012).(Also,(children(can(acquire(several(different(
pneumococcal( strains( over( time,( with( coEoccurrence( of( several( strains( not( being(
unusual((Valente!et!al.,(2012),(and(less(immunogenic(serotypes(tend(to(be(carried(for(
longer(periods(of(time((reviewed(in(Donkor,(2013).(Because(pneumococcus(is(mainly(





the( chance( of( pneumococcal( transmission( and,( consequently,( of( pneumococcal(
colonisation( (SáELeão! et! al.,( 2008;( reviewed( in( Donkor,( 2013).( Transmission( of(
pneumococcus( has( also( been( associated( with( sharing( of( bottles( by( young( adults(
(Levine!et!al.,(2012).(Also,(although(transmission(through(environmental(surfaces(has(
not( been( described,( pneumococcus( has( been( observed( to( survive( desiccation( for(
weeks((Walsh(and(Camilli,(2011).(









than( 11( million( episodes( of( serious( pneumococcal( disease( estimated( to( occur(
annually( in( the(world( (O'Brien! et!al.,(2009).(As(a(consequence,(more( than(800,000(
children(under(the(age(of(five(die(every(year(of(pneumococcal(disease((c.a.(10%(of(all(
deaths(among(children( in( this(age(group),(especially( in(African(and(Asian(countries(
(O'Brien!et!al.,(2009).(





common( pneumococcal( disease,( causing( 1.5(million( infections.( Another( important(
pneumococcal(disease(is(pneumonia,(with(nearly(160,000(children(younger(than(five(
years( of( age( and( over( 600,000( adults( seeing( a( doctor( or( being( admitted( to( the(
hospital.( This( disease( accounts( for( c.a.( 70%( of( all( medical( cost( for( treatment( of(
pneumococcal( disease.( In( 30%( of( severe( cases,( pneumococcus( is( fully( resistant( to(
one(or(more( clinically( relevant( antimicrobials,( such( as( penicillin( and( erythromycin,(




combat( of( pneumococcal( infection( through( its( prevention.( Although( 97(
pneumococcal(serotypes(have(been( identified,(only(a( few(are(responsible( for(most(
cases(of(disease((Henrichsen,(1995;(Ko!et!al.,(2013).(When(PPV23(was(designed,(this(
was( already( taken( into( account( as( this( vaccine( included( the( serotypes( most(
commonly(causing(disease(at(the(time((Robbins!et!al.,(1983).(One(of(the(drawbacks(
of( this( vaccine( is( that( children( younger( than( two( years( of( age,( a( population( at(








CRM197,( a( nonEtoxic( variant( of( the( diphtheria( toxin( (CDC,( 2000;( Hausdorff! et! al.,(
2000a;( Hausdorff! et! al.,( 2000b).( In( Portugal,( PCV7( was( introduced( in( 2001( and(
although( it( was( not( included( in( the( National( Immunisation( Plan( nor( was( it(
reimbursed(by(the(state,(close(to(80%(of(the(target(population(was(being(vaccinated(
by( 2007( [data( from( IMS( and( INE( (National( Statistics( Institute)].( Following( the(
introduction(of(PCV7(in(the(US,(there(was(a(significant(decrease(in(the(incidence(of(
invasive(pneumococcal( disease( caused(by( the( serotypes( included( in( the( vaccine( in(
both(vaccinated(children(and(unvaccinated(people(of(all(ages((herd(immunity),(even(
though(an(increase(in(the(numbers(of(cases(caused(by(serotypes(not(included(in(the(





pneumococcal( disease( in( children,( the( serotypes( included( in( PCV7( were( also(
associated(with(the(majority(of(antimicrobial(resistance(in(pneumococcus((Klugman,(
1990;(Dagan(and(Klugman,(2008).(Also,(vaccination(with(PCV7(led(to(a(reduction(in(
antimicrobial( use( (reviewed( in( Dagan( and( Klugman,( 2008).( Thus,( with( the(
simultaneous( reduction( of( the( serotypes( carrying( antimicrobial( resistance( and(
antimicrobial( use( following( the( introduction( of( PCV7,( a( decrease( in( antimicrobial(
resistance(was(expected.(However,(reports(differ,(with(only(some(regions(reporting(a(
decrease(in(antimicrobial(resistance((reviewed(in(Dagan(and(Klugman,(2008;(Song!et!
al.,( 2012;( HenriquesENormark( and( Tuomanen,( 2013).( The( expected( decrease( in(
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antimicrobial( resistance(was(not(consistently(observed( in(all( countries(where(PCV7(
was(introduced(due(to(an(increase(in(antimicrobial(resistance(among(serotypes(not(
included( in( PCV7( observed( both( in( cases( of( disease( and( in( colonisation( studies(
(Richter!et!al.,(2009;(SáELeão!et!al.,(2009;(Simões!et!al.,(2011a;(Song!et!al.,(2012).(
Currently,( one( polysaccharide( pneumococcal( vaccine( (PPV23)( and( two(
pneumococcal( conjugate( vaccines( (PCV10( and( PCV13( in( replacement( of( PCV7( and(
recently(approved(for(all(ages)(are(available.(In(Portugal,(PCV13(was(included(in(the(
National(Immunisation(Plan(in(June(2015.(Although(these(vaccines(have(proven(very(
effective( in(decreasing( the(burden(of( invasive(pneumococcal(disease( in( vaccinated(
populations,( a( universal( pneumococcal( vaccine,( conferring( immunity( regardless( of(






units( that( surrounds( the( cells,(with(each( serotype(having( its(own(unique( structure(
(Bentley!et!al.,(2006).(In(all(but(two(serotypes((the(exceptions(being(serotypes(3(and(
37),( capsular( polysaccharide( is( covalently( attached( to( the( cell( wall( peptidoglycan(
(Sorensen!et!al.,(1990).(The(main(function(of(the(capsule(during(invasion(is(to(shield(
pneumococcus( against( opsonisation( and( phagocytosis( (Hyams! et! al.,( 2010).(
However,( the(capsule(has(also(been(shown( to( increase( invasiveness(by( influencing(
biofilm( formation,( sensitivity( to(neutrophil(extracellular( traps,(and( interaction(with(
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serotypes( commonly( associated( with( virulence( among( children( are( usually( those(
with( poorer( immunogenicity( at( this( age( (reviewed( in( Geno! et! al.,( 2015).( These(
differences( have( been( proposed( to( be( related(with( different(metabolic( burden( of(
capsular( production( and( nutritional( requirements( of( serotypes( (Hathaway! et! al.,(
2012).(
The(“capsular(genome”(is(located(between(the(genes(dexB(and(aliA((not(involved(in(
the( synthesis( of( capsular( polysaccharide)( and( is( referred( to( as( the( capsular(
polysaccharide( synthesis( (cps)( locus( (Garcia! et! al.,( 2000).( The( first( evidence( for( a(
same( specific( location( of( the( cps( locus,( independently( of( the( serotype( being(
expressed,( was( published( in( 1959( by( Austrian,( et! al.( (Austrian! et! al.,( 1959).(
Sequencing( of( cps( loci( of( 90( serotypes( also( revealed( a( conserved( locus( structure(
beginning( with( cpsA3D( widely( conserved( genes( encoding( for( proteins( involved( in(








Besides( the( high( diversity( of( serotypes( recognised( today,( there( are( isolates( that(
cannot( be( assigned( to( a( serotype.( These( isolates,( generally( referred( to( as( nonE
typeable,( can( fail( to( be( serotyped( because( i)( they( are( nonencapsulated;( ii)( they(
belong( to( a( serotype( still( to( be( recognised;( or( iii)( they( have( been(misidentified( as(
pneumococci.( In( this( thesis,( the( term( nonEtypeable( (NT)( will( be( used( to( refer(
exclusively(to(nonencapsulated(pneumococci.(!
NT( have( been( disregarded( for( many( years,( probably( because( of( the( small( rough(
colonies( formed(by( these(strains(when(grown(on(agar(plates.(This(morphology(not(
only(differs( from( the(mucoid( colonies( characteristic(of( encapsulated(pneumococci,(
but(also(resembles(that(of(closely(related(Streptococcus(species.(Although(generally(
considered(less(virulent(than(encapsulated(strains,(NT(are(frequent(colonisers(of(the(




Genetic( studies( of( the( cps( locus( have( allowed( the( division( of( NT( into( two( groups(
(Hathaway!et!al.,(2004;(Park!et!al.,(2012;(Salter!et!al.,(2012).(Group(I(NT(comprises(







isolates( encoding( for( AliBElike( ORF( 1( and( AliBElike( ORF2( or( PspK,( novel( surface(
proteins( suggested( to( facilitate( adhesion( to( epithelial( cells( and( colonisation(
(Hathaway! et! al.,( 2004;( Keller! et! al.,( 2013).( Group( II( NT( isolates( are( frequent(





collection( of( NT( showed( evidence( of( a( longEstanding( classic( lineage( and( multiple(
sporadic( lineages.( Isolates( belonging( to( the( classical( lineage( belonged( mainly( to(
ST344(and(ST448,( the(predominant(multilocus(sequence( types(among(NT,(and(had(
larger(accessory(genomes(and(higher(rates(of(antimicrobial(resistance(than(isolates(
belonging( to( the( sporadic( lineages.( On( the( other( hand,( isolates( belonging( to( the(
sporadic( lineages( clustered( with( encapsulated( pneumococci( (Hilty! et! al.,( 2014).(
Furthermore,(WGS(of(more(than(3,000(carriage(isolates(from(a(2.4km2(refugee(camp(









The( correct( identification( of( pneumococcus( is( important( both( for( clinical( practice(
and( surveillance( studies.( The( presumptive( diagnosis( of( pneumococcal( infections(
generally(relies(on(the(observation(of(GramEpositive(encapsulated(lanceolated(cocci(
arranged(in(pairs(or(small(chains(in(blood(or(other(normally(sterile(body(sites,(with(a(
definitive( diagnosis( obtained( after( isolation( and( characterisation(of( pneumococcus(
(CDC,( 2013).( However,( a( diagnosis( is( still( not( possible( in( most( cases( of( invasive(
pneumococcal( disease,( especially( in( cases( of( pneumococcal( pneumonia,( as( the(
interpretation(of(Gram(stained(sputum(specimens(can(be(challenged(by(the(presence(




in(Werno( and(Murdoch,( 2008).( Because(most( deaths( caused( by( acute( respiratory(
infections( (the( leading( infectious( cause(of(death( in( the(world( in(both( children(and(
adults)( are( a( consequence( of( pneumococcal( pneumonia,( empirical( treatment( is(
directed( against( pneumococcus( when( a( diagnosis( is( not( possible( (Klugman! et! al.,(
2008).( This( increases( the( selective( pressure( towards( antimicrobial( resistance,( a(
worldwide(concern(given(the(emergence(and(dissemination(of((especially)(penicillin(
resistant(pneumococci((CDC,(2013).(Furthermore,(the(limitations(in(the(identification(
of( pneumococcus( lead( to( difficulties( in( obtaining( accurate( data( of( invasive(
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pneumococcal( disease( burden( and( in( evaluating( the( effectiveness( of( vaccination(
against(pneumococcal(disease((Werno(and(Murdoch,(2008).((
In( pneumococcal( carriage( surveillance( studies,( the( correct( identification( of(
pneumococcus(is(important(to(estimate(direct(and(indirect(effects(of(vaccination(on(
the( pneumococcal( population( and( to( monitor( antimicrobial( resistance.( The(




Richter! et! al.,( 2008;( Simões! et! al.,( 2010).( A( fast( costEeffective(method( that(would(
allow( the( correct( identification,( serotyping,( and( determination( of( antimicrobial(
resistance( profile( of( pneumococcus( in( just( a( few( hours( would( then( allow( a(more(
efficient( antimicrobial( prescription( in( the( clinical( practice,( a( more( accurate(
estimation( of( invasive( pneumococcal( disease( burden( and( vaccine( efficacy,( and( an(
improved(monitoring(of(antimicrobial(resistance(in(the(pneumococcal(population.(
(
Closely! related! streptococcal! species! and! challenges! in! the! identification! of!
pneumococcus!











species( determined( by( multilocus( sequence( analysis( (adapted( from(
Bishop!et!al.,(2009).!
(
Pneumococcus( is( considered( the(most( important(pathogen(within( the(mitis( group.(
However,( S.!pseudopneumoniae,(S.!mitis,( and(S.!oralis( have(also(been( infrequently(
identified( as( cause( of( disease,( especially( in( immunocompromised( patients.( S.!
pseudopneumoniae(was(described(in(2004(and(its(clinical(significance(is(less(studied(
that( that( of( S.! mitis( and( S.! oralis( (Arbique! et! al.,( 2004).( Nevertheless,( S.!






and( immediately( after( transplant( surgery,( subEacute( endocarditis,( especially( in(




DNA( (Johnsborg! et! al.,( 2007).( During( its( commensal( lifestyle,( pneumococcus( can(
frequently( be( found( together( with( its( close( relatives.( While( sharing( a( niche,( an(
opportunity(is(created(for(horizontal(gene(transfer(to(occur(between(these(species.(A(
good( evidence( of( horizontal( gene( transfer( between( these( species( is( the( mosaic(
structure(of(gene(sequences(encoding(for(penicillinEbinding(proteins( (Hakenbeck!et!








Traditional( methods( for( the( identification( of( pneumococcus( rely( on( phenotypic(






the( presence( of( bile( salts).( Nonetheless,( the( definitive( phenotypic( identification(
method( for( the( identification( of( pneumococcus( is( serotyping( by( the! Quellung(
reaction,( i.e.,( the( serologic( assignment( of( a( capsular( type( or( (serotype)( based( on(
immunogenic(differences(between(pneumococcal(capsules((Murray!et!al.,(2005).(
Unlike(pneumococcus,(S.!pseudopneumoniae,(S.!mitis,(and(S.!oralis(are( resistant( to(
optochin,( bile( insoluble,( and( negative( for( the( Quellung( reaction( (Facklam,( 2002;(
Arbique!et!al.,(2004;(Ikryannikova!et!al.,(2011).(However,(nonEpneumococcal(strains(
expressing( phenotypic( traits( characteristic( of( pneumococcus( have( been( reported,(
providing(evidence(that(misidentification(of(such(strains(as(pneumococcus(is(possible(
by(phenotypic( identification( (Fenoll! et! al.,( 1994;(Borek! et! al.,( 1997;(Arbique! et! al.,(
2004;( Simões! et!al.,( 2010;( Ikryannikova! et!al.,( 2011;(Rolo! et!al.,( 2013).(Also,( some(
unusual(pneumococci( that( are( resistant( to(optochin(or( insoluble( in(bile(have(been(
isolated((Phillips!et!al.,(1988;(Munoz!et!al.,(1990;(Mundy!et!al.,(1998;(Whatmore!et!
al.,(2000;(Pikis!et!al.,(2001;(Obregon!et!al.,(2002;(Nunes!et!al.,(2008).(Furthermore,(
nonEtypeable( pneumococci( are( negative( for( the( Quellung( reaction( (Marsh! et! al.,(
2010;(Simões!et!al.,(2011b).(
Although( the( phenotypic( identification( of( pneumococcus( by( the( combination( of(
methods( described( above( is( routinely( used( successfully( in( hospitals( and( research(
laboratories,(when(ambiguous(or(unexpected(results(are(obtained,(confirmation(by(a(
genotypic(method(may( be( useful.( Identification( of( bacteria( by(molecular(methods(









in( microbiome( studies( (Suau! et! al.,( 1999;( Sakamoto! et! al.,( 2004;( Bogaert! et! al.,(
2011).( However,( within( the( viridans( group( of! Streptococcus,( which( includes(
pneumococcus,( 16S( rRNA( sequences( exhibit( 99%(nucleotide(homology,( hampering(
the(distinction(between(species((Kawamura!et!al.,(1995).(Still,(two(assays(aiming(to(
distinguish( pneumococcus( from( closely( related( streptococcal( species( based( on(
specific(16S(rRNA(sequence(differences(have(been(recently(proposed((El(Aila!et!al.,(
2010;(Scholz!et!al.,(2012).(
To( overcome( this( problem,( several( pneumococcal( genes,( mostly( virulence(
determinants,( have( been( suggested( as( possible( targets( in( pneumococcal(
identification( strategies.( Among( them,( lytA( (encoding( for( the(major( pneumococcal(
autolysin),( ply( (encoding( for( pneumolysin),( psaA( (encoding( for( the( pneumococcal(
surface( adhesin( A),( and(pia( (encoding( for( the(major( iron( ABC( transport( system(of(
pneumococcus)( have( been( investigated.( A( DNA( probe( for( the( identification( of(
pneumococcus,(targeting( lytA,(has(been(described(more(than(20(years(ago(and(this(
gene(is(still(used(for(the(identification(of(pneumococcus((Pozzi!et!al.,(1989).(Although(




targeting( this( gene,( such( as( the( method( proposed( by( Llull( et! al.( based( on( the(
characteristic(BsaAIERFLP(signature(of(lytA(that(is(useful(to(distinguish(pneumococcus(
from( closely( related( streptococcal( species( (Romero! et! al.,( 2004;( Llull! et! al.,( 2006;(
Simões!et!al.,(2011b;(Rolo!et!al.,(2013).(Homologues(of(ply(and(psaA(have(also(been(
described( in( pneumococcus( close( relatives( but( the( specificity( of( PCR( strategies( to(
identify( pneumococcus( based( on( the( amplification( of( these( genes(was( lower( than(
that( of( lytA! (50%( and( 99%( for( ply( and( psaA,( respectively),( resulting( in( the(
misidentification( of( pneumococcus( (Whatmore! et! al.,( 2000;( Jado! et! al.,( 2001;(
Messmer! et! al.,( 2004;( Neeleman! et! al.,( 2004).( The(major( pneumococcal( iron( ABC(
transport(system(pia(was(first(described(as(ubiquitous(and(specific(to(pneumococcus(
(Brown! et! al.,( 2001).(However,( a(more( thorough( study(on( the(distribution(of(piaA(
among( pneumococcus( and( closely( related( species( showed( evidence( that( although(
specific( to( pneumococcus,( this( transport( system(was( not( ubiquitous( as( it(was( not(
found(in(some(nonEtypeable(pneumococci((Whalan!et!al.,(2006).(
Due( to( the( genetic( exchange( between( pneumococcus( and( closely( related(
streptococcal(species,(a(more(reliable( identification(of(pneumococcus(may(need(to(
target(more(than(one(gene.(Multilocus(sequence(typing((MLST)(relies(on(nucleotide(
differences(between( internal( fragments(of( seven(housekeeping( genes( to( assign( an(
allelic( profile( or( sequence( type( (ST).( Each( individual( sequence( is( compared( to( all(












to( differentiate( closely( related( species( such( as(Burkholderia( and(Neisseria( species(
(Hanage! et! al.,( 2006).( For( the( differentiation( between( pneumococcus( and( closely(
related(species,(two(multilocus(sequence(analysis((MLSA)(schemes(have(been(used:(
the( one( relying( on( the( MLST( scheme( for( pneumococcus( (www.mlst.net)( and( a(
second(one(targeting(seven(housekeeping(genes(for(species(of(the(viridans(group(of(
Streptococcus((Hanage!et!al.,(2006;(Bishop!et!al.,(2009;(Simões!et!al.,(2010;(Rolo!et!
al.,( 2013).( Whole( genome( sequencing( (WGS)( is( being( increasingly( used( and( an(
approach(combining(automated(extraction(of(WGS(information(with(MLSTEextended(
schemes(may( improve( the( resolution( between( closely( related( species( such( as( the(
ones(composing(the(viridans(group(of(Streptococcus((Sabat!et!al.,(2013).(
A( costEeffective( method( that( has( recently( become( widely( accepted( for( routine(
bacterial( identification( in(clinical(diagnostics(due( to( its(broad(species(coverage(and(
fast( turnEaround( time( is( matrixEassisted( laser( desorption( ionization( time( of( flight(
mass( spectrometry( (MALDIETOF( MS).( For( MALDIETOF( MS( bacterial( identification,(
colonies( formed( in( solid( medium( are( detached( and( directly( analysed.( Bacterial(
identification(can(also(be(performed(to(organisms(grown(in(blood(culture,(but(in(this(




wholeEcell( mass( spectra( of( bacterial( cell( or( cell( extracts( and( reference( spectra( of(
wellEcharacterised(strains( (reviewed( in(Fenselau(and(Demirev,(2001).(Commercially(
available( systems( provide( a( reliable( identification( for( the( majority( of( clinically(
relevant( species( (van( Belkum! et! al.,( 2012).( However,( the( accurate( differentiation(
between( pneumococcus( and( closely( related( species( is( still( challenging( and( several(
studies( have( been( performed( trying( to( overcome( this( issue( (Werno! et! al.,( 2012;(
Ikryannikova!et!al.,(2013;(Chen!et!al.,(2015).(
Another(method(that(has(gained(popularity(in(recent(years(is(realEtime(PCR.(Once(an(
ideal( target( is( identified,( realEtime( PCR( has( the( potential( to( unite( the( desired(
qualities( of( reliability,( reproducibility,( costEeffectiveness,( and( speed.( It( can( also( be(
used( independently( of( culture,( allowing( the( identification( of( pneumococcus( even(
when(isolation(of(pneumococcus( is(not(possible.(Furthermore,(as(amplification(and(
detection( occur( within( a( closed( system,( realEtime( PCR( also( decreases( the( risk( of(
contamination.(
Currently,( the( cultureEindependent( method( recommended( by( the( WHO( for( the(
identification( of( pneumococcus( is( the( CDC( realEtime( PCR( strategy( targeting( lytA(
(Carvalho( Mda! et! al.,( 2007;( Satzke! et! al.,( 2013).( Other( targets,( such( as( ply(
(Kaijalainen! et! al.,( 2005;( Carvalho(Mda! et! al.,( 2007;( Abdeldaim! et! al.,( 2010),(psaA(
(Carvalho(Mda!et!al.,(2007)(or(Spn9802((Abdeldaim!et!al.,(2008)(have(been(tested(for(
the( identification( of( pneumococcus( by( realEtime( PCR,( but( performed( poorer( than(


















by( lytAEBsaAIERFLP( for( 11( presumptive( pneumococcal( isolates( and( investigate( the(
accuracy(of( the( lytAECDC( realEtime(PCR(assay( in( the(classification(of( these( isolates;(
and((iii)(evaluate(the(performance(of( two(previously(described((lytAECDC(and(piaB)(
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D.! A! Tavares!was! responsible! for! all! experimental!work!with! the! exception! of! the!
initial!selection!of!the!strains,!pulsedGfield!gel!electrophoresis!(PFGE),!and!prophage!






Pneumococcus! is! a! major! human! pathogen! and! the! polysaccharide! capsule! is!
considered!its!main!virulence!factor.!Nevertheless,!strains!lacking!a!capsule,!named!
nonGtypeable!pneumococcus!(NT),!are!maintained!in!nature!and!frequently!colonise!
the! human! nasopharynx.! Interest! in! these! strains,! not! targeted! by! any! of! the!
currently!available!pneumococcal!vaccines,!has!been!rising!as!they!seem!to!play!an!




A! collection!of!52!NT! isolates! representative!of! the! lineages! circulating! in!Portugal!
between! 1997! and! 2007,! as! determined! by! pulsedGfield! gel! electrophoresis! and!
multilocus!sequence!typing,!was!analysed.!The!capsular! region!was!sequenced!and!
comparative!genomic!hybridisation! (CGH)!using!a!microarray! covering! the!genome!
of!10!pneumococcal!strains!was!carried!out.!The!presence!of!mobile!elements!was!
investigated!as!source!of!intraclonal!variation.!NT!circulating!in!Portugal!were!found!
to! have! similar! capsular! regions,! of! cps! type! NCC2,! i.e.,! having!aliBGlike! ORF1! and!
aliBGlike! ORF2! genes.! The! core! genome! of! NT! was! essentially! similar! to! that! of!
encapsulated! strains.! Also,! competence! genes! and! most! virulence! genes! were!
present.! The! few! virulence! genes! absent! in! all!NT!were! the! capsular! genes,! typeGI!
and! typeGII! pili,! cholineGbinding! protein! A! (cbpA/pspC),! and! pneumococcal! surface!












otitis! media! to! bacteraemia! and! meningitis.! Its! main! virulence! determinant! is! a!
polysaccharide! capsule! that! surrounds! pneumococcal! cells,! providing! protection!
against! phagocytosis! (Bentley$ et$ al.,! 2006).! Together! with! colony! morphology,!
susceptibility!to!optochin,!and!bile!solubility,!assignment!of!a!serotype!(based!on!the!
capsular! type)! has! been! traditionally! the! ultimate! assay! to! identify! pneumococcus!
(Kellogg$ et$ al.,! 2001).! To! date,!more! than! 95! serotypes! have! been! described! and,!
with! the! exception! of! type! 37,! the! genes! responsible! for! the! expression! of! the!
capsule!are!located!in!the!chromosome!between!the!dexB!and!aliA!genes!(capsular!
region)! (Bentley$et$al.,!2006;!Oliver$et$al.,!2013).!The!pneumococcal!capsule! is!also!







asymptomatically! carried! in! the!nasopharynx,! they!have!also!been!associated!with!
conjunctivitis! outbreaks! and! sporadically! associated! with! other! disease!
manifestations!including!invasive!disease!(Martin$et$al.,!2003;!Xu$et$al.,!2011;!Scott$
et$ al.,! 2012;! Rolo$ et$ al.,! 2013).! Studies! have! suggested,! using! a! combination! of!
phenotypic! and! genotypic! methods,! that! some! of! these! isolates! are! bona4fide!
pneumococci! and! share! common! properties! with! encapsulated! pneumococci!
(Hanage$ et$ al.,! 2005;! SáGLeão$ et$ al.,! 2006).! Also,! in! vitro! studies! with! nonG
encapsulated! pneumococci! have! shown! that! these! strains! display! increased!
adherence! to! epithelial! tissue,! increased! capacity! for! biofilm! formation,! and! are!
highly! transformable! (Weiser! and! Kapoor,! 1999;! Magee! and! Yother,! 2001;!




In! a! previous! study,! we! have! described! the! population! structure! of! NT! strains! in!
Portugal!and!identified!major!lineages!associated!with!them!(SáGLeão$et$al.,!2006).!In!
parallel,!others!have!identified!the!same!lineages!in!circulation!in!other!geographical!
settings! and! the! capsular! region! of! NT! has! been! characterised! (Hathaway$ et$ al.,!
2004;! Hanage$ et$ al.,! 2005;! Park$ et$ al.,! 2012;! Salter$ et$ al.,! 2012).! Based! on! the!
capsular! region,! NT! have! been! proposed! to! be! divided! in! two! groups:! Group! I!
includes! isolates! with! a! disrupted! or! nonGfunctional! capsular! locus! and! Group! II!
includes!isolates!with!genes!not!found!in!conventional!capsular!types!(Hanage$et$al.,!
2005).!Group! II!NT!have!been!proposed!to!be! further!divided! into!cps! types!NCC1,!
Chapter!2!
!42!
when! isolates! have! the! pspK! gene! (pneumococcal! surface! protein! Korea,! also!
referred!to!as!nspA,!nonGtypeable!pneumococcal!surface!protein!A),!encoding!for!a!
novel! pneumococcal! surface!protein!with! several! features! suggesting! a! role! in! cell!






been! in! circulation! for!decades!and!are!not!derived! from!encapsulated! strains!has!
raised! the! question! of! how! different! is! the! genome! of! these! strains! compared! to!
encapsulated!pneumococci!(Martin$et$al.,!2003;!SáGLeão$et$al.,!2006).!The!aim!of!this!
study! was! to! characterise! a! carriage! collection! of! NT! circulating! in! Portugal! in! a!















Study, collection.! We! selected! 52! NT! strains! for! detailed! characterisation.! This!
collection!was!extracted! from!a! total!of!422!NT!strains! isolated!between!1997!and!
2007! from! the! nasopharynx! of! preschool! children! attending! dayGcare! centres! in!
Lisbon,! Portugal.! The! isolates! were! previously! characterised! by! PFGE,! MLST,! and!
antibiotic! susceptibility! to! penicillin,! amoxicillin,! ceftriaxone,! erythromycin,!







(Roche!Diagnostics! GmbH,!Mannheim,!Germany),! according! to! the!manufacturer’s!
recommendations.,
Characterisation, of, the, capsular, (dexB(aliA), region., The! dexB4aliA! region,!
corresponding! to! the! capsular! region! in! encapsulated! pneumococci,!was! amplified!





PCR! mixture! contained! 20ng! of! DNA,! 1x! Expand! Long! Template! buffer! 3! with!
2.75mM! MgCl2! (Roche),! 3.2mM! (each)! deoxynucleoside! triphosphates,! 0.4mM! of!
each!primer,! and!3.75U!of! Expand! Long! Template! enzyme!mix! (Roche).!Amplicons!
were! purified! using! ExoSAP! by! incubating! 30µL! of! the! PCR! product! with! 6U! of!
Exonuclease! I! (New!England!Biolabs,! Ipswich,!MA,!USA)!and!6U!of! Shrimp!Alkaline!
Phosphatase!(GE!Healthcare,!Waukesha,!WI,!USA)!for!30!min!at!37°C!followed!by!15!
min!at!80°C.,
RFLP! signatures!of! the!capsular! region!were!determined!after!digestion!of!15µL!of!
purified!PCR!fragments!with!HinfI!or!StyI!for!3h!at!37°C.!For!a!total!volume!of!20µL,!
5U!of! enzyme,!1x!NEBuffer! (New!England!Biolabs),! and!2µg!of!BSA! (for! StyI)!were!
added.! Results! were! analysed! by! gel! electrophoresis! and! Bionumerics! software!
(version!3.0,!Applied!Maths,!Gent,!Belgium).!Patterns!were!clustered!by!UPGMA!and!
a! dendrogram! was! generated! from! a! similarity! matrix! calculated! using! the! Dice!
similarity! coefficient! with! an! optimisation! of! 0.5%! and! a! tolerance! of! 1.0%.! RFLP!
patterns!determined!by!digestion!with!HinfI!were!arbitrarily!named!A!to!H.!
Sequencing!of!the!capsular!region!of!representative!RFLP!patterns!was!performed!by!
primer! walking.! Primers! were! designed! using! the! nucleotide! sequence! of! strain!
110.58! as! a! template! [GenBank:AY653211.1]! (Additional! file! 1)! (Hathaway$ et$ al.,!
2004;! Kilian$ et$ al.,! 2008).! PCR! products! were! obtained,! purified,! and! sent! to!
Macrogen,! Inc.! (Seoul,! South! Korea)! for! sequencing.! Additional! primers! were!
designed! to! amplify! and! sequence! the! gaps! between! fragments! as! needed.!
Sequences!were!analysed!and!aligned!using!the!Lasergene!software!(DNASTAR!Inc.,!
Madison,! WI,! USA).! Nucleotide! sequences! of! the! capsular! region! were! further!
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analysed! by! performing! a! nucleotide! BLAST! search! at! the! National! Center! for!
Biotechnology! Information! Website! (blast.ncbi.nlm.! nih.gov/Blast.cgi)! against! the!
nucleotide! database! and! also! against! the! capsular! region! sequences! previously!
described!for!NT!strains!(Hathaway$et$al.,!2004;!Park$et$al.,!2012;!Salter$et$al.,!2012).!
CGH.! Microarrays! used! in! this! study! were! 12x135K! NimbleGen! arrays! (Roche).!
Labelling,!hybridisation,!and!washing!of!the!samples!was!done!as!recommended!by!
the!manufacturer!using!a!NimbleGen!microarray!workflow!(Roche):!1µg!of!DNA!from!
each! strain! was! fluorescently! labelled! with! Cy3! Random! Nonamers! using! the!
NimbleGen!OneGColor!DNA!Labeling!kit,!samples!were!hybridised!to!the!microarray!
slide! using! the! NimbleGen! Hybridization! System,! slides! were! washed! using! the!
NimbleGen!Wash!Buffer! kit,! and! CGH!data!was! acquired! on! a!NimbleGen!MS! 200!
Scanner.! Normalisation! and! background! correction! of! data! was! done! by! quantile!
RMA!analysis!using!the!ArrayStar!software!(DNASTAR).!A!cutGoff!of!512!was!reached!
by! drawing! a! graph! of! frequencies! of! signal! intensities! for! all! strains.! Genes! with!
signal! intensities!of!512!or! above!were! considered!present! (assigned!1)! and!genes!
with!signal!intensities!bellow!that!value!were!considered!absent!(assigned!G1)!from!a!
given!strain.!!
Validation, of, the, microarray., The! microarray! used! was! designed! based! on! the!




genes! present! in! these! strains! were! added! sequentially! resulting! in! 3,052! nonG
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redundant! ORFs.! Nine! of! the! 10! strains! represented! in! the! array! were! hybridised!
with!it!for!validation.!Only!16!of!3,052!(0.52%)!ORFs!present!in!the!microarray!gave!
false! negative! results! (Additional! file! 2).! Most! of! these! genes! encoded! for!
hypothetical!proteins!or!mobile!elements!that!might!have!been!lost!(during!repeated!
handling).! None! of! the! 16! genes! were! part! of! the! core! genome,! were! related! to!
virulence!or!located!in!ARs.!
ARs.,The!presence!of!ARs!(or!regions!of!diversity)!previously!identified!(reviewed!in!
Blomberg$et$al.,!2009)!was! investigated! for!NT!strains.!New!ARs!were! identified!as!
defined!by!Tettellin!and!Hollingshead:!three!or!more!contiguous!genes!in!the!TIGR4!
genome! that! were! absent! from! at! least! one! of! the! analysed! strains! (Tettelin! and!
Hollingshead,!2004).!Classification!of!new!ARs!followed!the!nomenclature!proposed!
by!Blomberg!et$al.!and!was!done!sequentially!(Blomberg$et$al.,!2009).!,
Detection, and, characterisation, of, genes, by, PCR., The! presence! of! genes! comC,!
comD,!and!piaA!and!the!presence!of!typeGI!and!typeGII!pili!was!assessed!by!PCR!and!
characterised! by! sequencing! when! needed.! ComD! was! amplified! using! primers!
comD_F! (ATTAAAGGTGGGGAGATGAGG)! and! comD_R! (CCAGCATAATCATGTCG),!
designed! with! TIGR4! [GenBank:NC_003028.3)! and! R6! [GenBank:NC_003098.1]!
nucleotide!sequences!as!templates.!Amplicons!with!an!expected!size!of!841bp!were!
amplified!using!the!following!conditions:!94°C!for!4!min;!30!cycles!of!94°C!for!30!sec,!
55°C! for!30!sec,!and!72°C! for!1!min;!and!a! final!extension!at!72°C! for!4!min.!For!a!
final!volume!of!50µL,!the!PCR!mixture!contained!1µL!DNA,!1x!Colorless!GoTaq!Flexi!
buffer! (Promega,!Madison,!WI,!USA),! 2.5mM!MgCl2,! 80µM! (each)!deoxynucleoside!
triphosphates,! 0.4mM! of! each! primer,! and! 2.5U! of! GoTaq! DNA! polymerase.!
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Prophage, detection, by, southern, hybridisation, of, PFGE, restriction, profiles,with, a-




Availability, of, supporting, data., Availability! of! supporting! data! Microarray! data!
supporting!the!results!of!this!article!have!been!submitted!to!NCBI!Gene!Expression!




Capsular, region,of,NT.,To!obtain! insights! into! the!genetic!basis!of!nonGtypeability,!
the!capsular!region!was!characterised!for!a!set!of!42!NT!strains!representative!of!the!
lineages! detected! in! crossGsectional! colonisation! studies! conducted! in! Portugal!













PT944! 2001! NT1! 344! PG,!Ery,!Da,!Tet,!SXT!! 2/2! A! Yes! Yes!
LGST142! 2000! NT1! 344! Ery,!Da,!Tet,!SXT! 2/2! A! No! No!
PT191! 2001! NT1! 344! PG,!Ery,!Da,!Tet,!SXT! 2/2! A! No! No!
PT3412b! 2002! NT1! 344! Ery,!Da,!Tet,!SXT! 2/nd! A! No! No!
PT998! 2001! NT1! 344! PG,!Ery,!Tet,!SXT! 2/nd! A! No! No!
LGST214! 2000! ND! 344! Ery,!Tet,!SXT! 2/nd! A! No! No!
DCC2367! 1999! NT1! 344! PG,!Tet,!SXT! 2/2! F! Yes! No!
PT389! 2001! NT1! 344! PG,!Tet,!SXT! 2/nd! F! No! No!
PT4427a! 2002! NT1! 344! PG,!Ery,!Tet,!SXT! 2/nd! H! Yes! No!
WL212! 2001! NT1! 1619! PG,!Ery,!Da,!SXT! 2/2! A! No! Yes!
PT5899! 2007! NT1! 5220! PG,!Ery,!Tet,!SXT! 2/nd! nd! No! Yes!
DCC635! 1997! NT2! 344! PG,!Ery,!Da,!Tet,!SXT! 2/2! A! No! Yes!
WL992! 2002! NT3! 344! PG,!Ery,!Da,!Tet,!SXT! 2/2! A! No! Yes!
PT2987! 2002! NT4! 344! PG,!Ery,!Da,!Tet,!SXT! 2/nd! A! No! No!
PT2293b! 2001! NT4! 344! PG,!Ery,!Da,!Tet,!SXT! 2/2! E! Yes! Yes!
PT6317! 2007! NT5! 344! PG,!Ery,!Da,!Tet,!SXT! 2/nd! nd! No! Yes!
PT5838b! 2007! NT6! 344! Ery,!Da,!Tet,!SXT! 2/nd! nd! No! Yes!
WL1514! 2003! NT7! 344! PG,!Ery,!Da,!Tet,!SXT! 2/2! A! No! Yes!
PT6318! 2007! NT7! 4586! PG,!Ery,!Da,!Tet,!SXT! 2/nd! nd! No! Yes!
PT5269! 2006! NT8! 344! PG,!Ery,!Da,!Tet,!SXT! 2/nd! nd! No! Yes!
DCC2879! 1999! NT9! 897! PG,!Ery,!Da,!Tet,!SXT! 2/2! A! No! Yes!
PT1571b! 2001! NT10! 344! PG,!Ery,!Da,!Tet,!SXT! 2/2! A! No! Yes!
PT5727! 2006! NT11! 344! PG,!Ery,!Da,!Tet,!SXT! 2/nd! nd! No! Yes!
PT5082a! 2003! NT22! 344! PG,!Ery,!Da,!Tet,!SXT! 2/nd! I! No! No!
WL598! 2001! NT25! 344! PG,!Tet,!SXT! 2/nd! F! No! No!
DCC1795! 1998! NT26! 1541! PG,!Ery,!Da,!Tet,!SXT! 2/2! A! No! Yes!
DCC2435p! 1999! ND! 344! Ery,!Da,!Tet,!SXT! 2/nd! A! No! No!
1156,
PT268! 2001! NT21! 1156! PG,!Ery,!Da,!Tet,!SXT! 1/nd! A! No! No!
PT6210! 2007! NT21! 4583! PG,!Ery,!Da,!Tet,!SXT! 1/nd! nd! No! Yes!
PT2687b! 2001! NT22! 1156! PG,!Ery,!Da,!Tet,!SXT! 1/nd! A! No! No!
PT5561! 2006! NT22! 1156! PG,!Ery,!Da,!Tet,!SXT! 1/nd! nd! No! Yes!
PT4014! 2002! NT22! 1153! PG,!Ery,!Da,!Tet,!SXT! 1/1! C! No! Yes!
PT4222! 2002! NT24! 1156! PG,!Ery,!Da,!Tet,!SXT! 1/1! A! No! No!
PT5002! 2003! NT24! 1156! Ery,!Da,!Tet! 1/1! A! No! Yes!
PT1493! 2001! NT24! 1617! PG,!SXT! 1/1! A! Yes! Yes!
WL352.1! 2001! NT24! 1703! PG,!SXT! 1/1! A! No! Yes!
PT3201! 2002! NT24! 1153! PG,!Ery,!Da,!Tet,!SXT! 1/1! C! Yes! Yes!
PT6209b! 2007! NT24! 4583! PG,!Ery,!Da,!Tet! 1/nd! nd! No! Yes!
PT2322! 2001! ND! 1153! PG,!Ery,!Da,!Tet,!SXT! 1/nd! C! No! No!
320, PT1804b! 2001! NT19! 888! PG,!SXT! 1/1! A! Yes! Yes!
1540*, PT1718! 2001! NT12! 1540! SXT! 1/4! A! Yes! Yes!
1278*, PT4812! 2003! NT22! 1278! PG,!SXT! 1/1! A! Yes! Yes!
941,
DCC2787! 1999! NT13! 941! SXT! 2/2! B! Yes! Yes!
WL165b! 2001! NT13! 1704! ! 2/2! B! No! Yes!
DCC2648! 1999! NT14! 941! SXT! 2/2! B! No! Yes!
448,
WL850a! 2002! NT15! 448! ! 2/2! B! Yes! Yes!
WL1084! 2002! NT15! 448! ! 2/2! B! No! No!
PT2417! 2001! NT15! 448! PG,!SXT! 2/nd! B! No! No!
WL108! 2001! NT16! 448! ! 2/nd! nd! No! Yes!
1618, PT673
! 2001! NT17! 1618! PG,!Ery! 1/1! D! Yes! Yes!
WL402.1b! 2001! NT17! 1618! PG,!Ery,!Da,!Tet,!SXT! 1/1! D! No! Yes!
1705*, WL977! 2002! NT23! 1705! PG,!SXT! 1/1! G! Yes! Yes!
a! –! clonal! complex! (CC);! singleton! (*);! b! –! penicillin! G! (PG),! erythromycin! (Ery),! clindamycin! (Da),!
tetracycline! (Tet),! and! trimethoprim!sulfamethoxazole! (SXT);! c! –!ComD2!had!an!E151K! substitution!and!
ComD4! had! an!M77I! and! an! E151K! substitutions,! both! outside! the! sensor! domain! of! ComD;! nd! –! not!
determined.!
!
of! the! capsular! region,! restriction! fragment! length! polymorphism! (RFLP)! patterns!

















Candidate, core, genome., To! determine! if! the! genome! content! of! NT! strains! is!
comparable! to! that! of! encapsulated! strains,! 34! NT! representing! the! diversity! of!
profiles!identified!by!PFGE,!MLST,!and!characterisation!of!the!capsular!region,!were,










NCC2a! and!NCC2b! refer! to! a! classification! of! cps! types! proposed! by! Park!et$ al.! (Park$ et$ al.,! 2012).!
Published! sequences! of! strains! 110.58! [GenBank:AY653211.1],! 104.72! [GenBank:AY653210.1],! and!






tested,! 839! (27.5%)! were! present! in! some,! and! 547! (17.9%)! were! absent! in! all!
(Additional! file! 4).! In! an! independent! analysis,! conducted! in! the! framework! of! an!
ongoing!study,!180!encapsulated!strains!were!analysed!by!CGH.!These!strains!were!
representative! of! 20! serotypes! and! included! all! strains! in! the! array! (except! R6).!
Results!from!this!analysis!were!used!for!comparison.! In!this!collection,!1,654!genes!
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only! 6! were! absent! in! all.! The! proportion! of! these! 155! genes! present! in! the! NT!
strains! ranged! between! 80.0%! and! 58.7%! (Additional! file! 5).! The! 149! genes! with!
variable!presence!among!NT!strains!could!be!grouped! into!the!following!functions:!
22.8%!cellular!metabolism,!16.1%!transporters,!8.7%!DNA!metabolism,!7.4%!phages!
and! mobile! elements,! 2.0%! surface! proteins,! 2.0%! signalling! and! communication,!
and!41.0%!were!annotated!as!hypothetical!proteins.!The!six!genes!absent! in!all!NT!
were! SP_0346! (annotated! as! capsular! polysaccharide! biosynthesis! protein! Cps4A),!
SP_0368! (cell! wall! surface! anchor! family! protein),! SP_1153! (hypothetical! protein),!
SP_2157! (alcohol! dehydrogenase,! ironGcontaining),! SP_2158! (LGfucose! isomerase),!
and!SP_2168!(fucose!operon!repressor,!putative).!
Furthermore,! NT! isolates! contained! between! 2,049! and! 2,120! genes! detected! by!
CGH! with! an! average! of! 2,095! genes,! while! the! 180! encapsulated! strains! had!




Accessory,regions, (ARs).!To! further!analyse!the!genome!content!of!NT!strains,! the!

















all! (ARs! 2,! 5,! 7,! 11,! 30,! 36,! and! 41).! Furthermore,! 8! ARs!were! present,! or! at! least!
partially!present,!in!most!strains!(ARs!1,!8,!10,!16,!17,!19,!23,!and!28)!and!9!ARs!were!
absent,!or!mostly!absent,!in!most!strains!(ARs!4,!12,!24G27,!29,!34,!and!40).!
TwentyGfive!new!ARs! (named!ARs!42!to!66),! totalling!134!genes,!were! identified! in!
this! study.! Their! predicted! functions! are! described! in! Table! 2! and! include! ABC!
transporters,!type!II!restrictionGmodification!system,!phosphotransferase!system!and!
proteins! involved! in! metabolism,! cell! envelope,! transport,! and! transcription!




Altogether,!when! looking!for!ARs!absent! in!all!NT,! these!were!found!to!encode!for!





file!4)! (Polissi$ et$al.,!1998;! Lau$ et$al.,!2001;!Hava!and!Camilli,!2002;!Garbom$ et$al.,!
2004;!Orihuela$et$al.,!2004;!LeMessurier$et$al.,!2006;!Obert$et$al.,!2006;!Embry$et$al.,!
2007;!Kadioglu$et$al.,!2008;!Molzen$et$al.,!2011;!Williams$et$al.,!2012).!Of!these,!363!!
(73.2%)!were!present! in!all!NT!strains!and!36! (7.3%)!were!absent! in!all.!This! latter!










42, SP_0115G0117! Yes! Cell!envelope!
43, SP_0124G0126! No! Hypothetical!
44, SP_0130G0144! Yes! ABC!transporter!(glucose)!
45, SP_0314G0330! Yes! PTS!system!
46, SP_0367G0369! No! Cell!envelope!
47, SP_0391G0393! No! Cell!envelope!
48, SP_0569G0571! Yes! Type!II!RM!system!
49, SP_0595G0597! Yes! Hypothetical!
50, SP_0627G0629! No! Hypothetical!
51, SP_0636G0640! No! ABC!transporter!
52, SP_0683G0685! No! Hypothetical!
53, SP_0703G0711! No! ABC!transporter!(aa)!
54, SP_0737G0740! No! Transport!&!transcription!regulation!
55, SP_1030G1040! Yes! ABC!transporter!(iron)!
56, SP_1042G1045! Yes! Metabolic!
57, SP_1119G1125! Yes! Metabolic!(glycogen)!
58, SP_1160G1165! No! Metabolic!(acetoin)!
59, SP_1209G1211! No! Hypothetical!
60, SP_1656G1658! No! Hypothetical!
61, SP_1677G1679! No! Hypothetical!
62, SP_1849G1851! No! Type!II!RM!system!
63, SP_1855G1859! Yes! Transport!&!transcription!regulation!
64, SP_1869G1872! Yes! ABC!transporter!(iron)!
65, SP_2147G2154! No! Metabolic!(arginine)!
66, SP_2178G2183! Yes! Hypothetical!






































































Regarding! competenceGassociated! genes! (n=22),! all! were! present! in! all! strains,!
including!the!recently!described!comG!operon!(SP_1808!and!SP_2047G53),!encoding!
for! a! typeGIV! transformation! pilus! (Table! 3)! (Laurenceau$ et$ al.,! 2013).! In! addition,!
comC!and!comD!alleles!were!determined!by!PCR!for!the!52!NT!strains!included!in!this!
study!and!a! clear!distinction!between!CCs! could!be!observed! for!comCD:! CCs!344,!
448,!and!941!encoded!CSP2!and!ComD2;!CCs!320,!1156,!1278,!1618,!and!1705!had!
CSP1!and!ComD1;!and!CC1540!had!CSP1!and!ComD4!(Iannelli$et$al.,!2005).!
































Competence&proteins& & & & & & & & & &
&&comA;&competence&factor&transporting&ATPG
binding/permease&protein&ComA&
1! 1! 1! 1! 1! 1! 1! 1! 1!
%%comB;&competence&factor&transport&protein&ComB& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&comD;&putative&sensor&histidine&kinase&ComD& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&comE;&response&regulator&ComE& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&comX1;&transcriptional&regulator&ComX1& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&competence&damageGinducible&protein&A& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&coiA;&competence&protein&CoiA& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&competence&protein&ComF,&putative& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&celA;&competence&protein&CelA& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&celB;&competence&protein&CelB& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&ccs1;&competenceGinduced&protein&Ccs1& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&ccs4;&competenceGinduced&protein&Ccs4& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&ccs16;&competenceGinduced&protein&Ccs16& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&cspCGrelated&protein,&authentic&point&mutation& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&pilD;&type&IV&prepilin&peptidase,&putative& 1! 1! 1! 1! 1! 1! 1! 1! 1!
%%comGA/%cglA;&competence&protein&CglA% 1! 1! 1! 1! 1! 1! 1! 1! 1!
%%comGB/%cglB;&competence&protein&CglB% 1! 1! 1! 1! 1! 1! 1! 1! 1!
%%comGC/%cglC;&competence&protein&CglC% 1! 1! 1! 1! 1! 1! 1! 1! 1!
%%comGD/%cglD;&competence&protein&CglD% 1! 1! 1! 1! 1! 1! 1! 1! 1!
%%comGE% 1! 1! 1! 1! 1! 1! 1! 1! 1!
%%comGF% 1! 1! 1! 1! 1! 1! 1! 1! 1!
%%comGG% 1! 1! 1! 1! 1! 1! 1! 1! 1!
CholineGbinding&proteins& & & & & & & & & &
&&cbpA/pspC;&choline&binding&protein&A& 0! 0! 0! 0! 0! 0! 0! 0! 0!
&&cbpD;&choline&binding&protein&D& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&cbpE/pce;&choline&binding&protein&E& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&cbpF;&choline&binding&protein&F& 0.1! 0.9! 1! 0! 1! 0.3! 0! 0! 1!
&&cbpG;&choline&binding&protein&G& 0.9! 1! 1! 1! 1! 1! 1! 1! 1!
%%lytA;&autolysin& 1! 1! 1! 1! 1! 1! 1! 1! 1!
%%lytB;&endoGbetaGNGacetylglucosaminidase& 1! 1! 1! 1! 1! 1! 1! 1! 1!
%%lytC;&betaGNGacetylhexosaminidase& 1! 1! 1! 1! 1! 1! 1! 1! 1!
%%pspA;&pneumococcal&surface&protein&A& 0! 0! 0! 0! 0! 0! 0! 0! 0!
&&pcpA;&choline&binding&protein&PcpA&& 0.9! 0.1! 0! 0! 0! 0! 0! 0! 0!
& ! ! ! ! ! ! ! ! !
& ! ! ! ! ! ! ! ! !
& ! ! ! ! ! ! ! ! !
!
!
& ! ! ! ! ! ! ! ! !
ColonisationGassociated&proteins& ! ! ! ! ! ! ! ! !
&&hyl;&hyaluronidase& 0.9! 1! 1! 1! 1! 1! 1! 0.5! 1!
%%nanA;&neuraminidase&A/siliase&A&precursor& 0.1! 0! 0! 1! 0! 0! 0! 0.5! 1!
&&pavA;&adherence&and&virulence&protein&A& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&rlrA;&transcriptional&regulator,&putative& 0! 0! 0! 0! 0! 0! 0! 0! 0!
&&bgaA;&betaGgalactosidase& 0.1! 0.9! 1! 0! 1! 0.3! 0! 0! 0!
&&eno;&phosphopyruvate&hydratase& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&pyrR;&bifunctional&pyrimidine&regulatory&protein&PyrR&
uracil&phosphoribosyltransferase&
1! 1! 1! 1! 1! 1! 1! 1! 1!
&&strH;&betaGNGacetylhexosaminidase& 1! 1! 1! 1! 1! 1! 1! 1! 1!
%%trpG;&anthranilate&synthase&component&II& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&phoU;&phosphate&transport&system&regulatory&protein&
PhoU,&putative&
0.1! 0.9! 1! 1! 1! 0.3! 0! 0.5! 0!
&&rr01;&DNAGbinding&response&regulator& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&transcriptional&regulator&SPY2053& 1! 1! 1! 1! 1! 1! 1! 1! 1!
Other&major&virulence&factors& ! ! ! ! ! ! ! ! !
&&ply;&pneumolysin& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&psaA;&manganese&ABC&transporter,&manganeseGbinding&
adhesion&liprotein&
1! 1! 1! 1! 1! 1! 1! 1! 1!
&&htrA;&serine&protease& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&IgA;&immunoglobulin&A1&protease& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&spxB;&pyruvate&oxidase& 1! 1! 1! 1! 1! 1! 1! 1! 1!
&&piaA;&ironGcompound&ABC&transporter,&iron&compoundG
binding&protein&
0.1! 0.9! 0! 0! 0! 0.3! 0! 0.5! 1!
&&piaB;&ironGcompound&ABC&transporter,&permease&protein& 0.1! 0.9! 0! 0! 0! 0.3! 0! 0.5! 1!
&&piaC;&ironGcompound&ABC&transporter,&permease&protein& 0.1! 0.9! 0! 0! 0! 0.3! 0! 0.5! 1!
&&piaD;&ironGcompound&ABC&transporter,&ATPGbinding&
protein&
0.1! 0.9! 0! 0! 0! 0.3! 0! 0.5! 1!
&&piuA;&ironGcompound&ABC&transporter,&ironGcompoundG
binding&protein&
1! 1! 1! 1! 1! 1! 1! 1! 0!
&&piuB;&ironGcompound&ABC&transporter,&permease&protein& 1! 1! 1! 1! 1! 1! 1! 1! 0!
&&piuC;&ironGcompound&ABC&transporter,&permease&protein& 1! 1! 1! 1! 1! 1! 1! 1! 0!
&&piuD;&ironGcompound&ABC&transporter,&ATPGbinding&
protein&
1! 1! 1! 1! 1! 1! 1! 1! 0!











unexpected( high( diversity( of( profiles( for( strains( belonging( to( the( same( ST( (Figure( 5)(
(SáBLeão( et( al.,( 2006).( Likewise,( there( were( also( strains( with( similar( PFGE( profiles(
belonging(to(different(STs.(This( lack(of(concordance(was(puzzling,(as(previous(studies(
have( found( a( good( general( agreement( with( PFGE( and( MLST( for( encapsulated(
pneumococci( (Elberse( et( al.,( 2011).( To( investigate( possible( genomic( variations( that(
could(account(for(the(lack(of(concordance(found(between(PFGE(and(MLST(results,(CGH(


















most(were( found( to( encode( for( hypothetical( proteins( (51.3%).(Other( genes( had( the(
following( functions:( transport( and( secretion( (13.4%),( cell(metabolism( (9.9%),( phages(
and(mobile( elements( (9.5%),( DNA(metabolism( (7.8%),( cell(wall,( cell(membrane,( and(







mobile( elements( was( indeed( distinct( between( strains,( which( might( explain( the(









































































different( mobile( elements’( profiles( were( also( observed( (e.g.( NT17( of( ST448).( ( To(
complement( this( analysis,( the( presence( of( prophages( was( also( determined( by( lytA(
hybridisation( (Additional( file( 6).( In( ST344,( the( six( PFGE( types( tested( exhibited( three(
lytA( hybridisation( patterns,( whereas( the( two( ST448( PFGE( types( tested( showed( the(
same(lytA(hybridisation(pattern.(According(to(these(results,(the(high(variability(of(PFGE(









2012).( Strains(with( similar( capsular( regions(have(also(been( identified( in( carriage(and(













few( cases( caused( by( NCC2( NT.( Nonetheless,( it( has( been( clearly( demonstrated( that(





the( NT( strains( (2,095)( was( 6%( less( than( the( corresponding( value( found( for(
encapsulated(strains.(Still,(this(result(should(be(interpreted(with(caution(as,(by(using(a(
CHG(approach,(NT(genes(were(probably(missed(to(an(unknown(extent.(
TwentyBfive( new( ARs,( dispersed( around( the( TIGR4( genome,( were( identified( in( this(
study.(Of(the(66(ARs(identified(to(date,(only(seven(were(absent(in(all(NT(and(encoded(
for( genes( associated( with( sugar( metabolism,( capsular( synthesis,( typeBI( pilus,( and(
hypothetical( proteins( (Blomberg( et( al.,( 2009).( Also,(more( than( 90%( of( the( virulence(







was(present( in( the(majority( of(NT.(Mutations( in( these( systems(have(been( shown( to(
result( in( mild( (piuA2D)( to( moderate( (piaA2D)( reduction( in( virulence( (Brown( et( al.,(
2002).( Together( with( the( lack( of( capsule( and( other( important( virulence( genes,( the(
absence(of(these(genes(in(NT(should(contribute(to(a(lower(propensity(of(NT(to(cause(
disease.(
As( expected,( all( strains( had( all( competence( genes,( including( the( newly( described(
transformation(pilus( (Laurenceau(et(al.,(2013;(Balaban(et(al.,(2014;(Chewapreecha(et(
al.,(2014).(According(to(the(type(of(competence(stimulating(peptide((CSP,(encoded(by(





strains( within( a( CC( belonging( to( the( same( pherotype.( The( same( association( was(
previously( observed( in( encapsulated( pneumococcus( (Vestrheim( et( al.,( 2011).( These(
results( further( support( that(NT(are(bona2fide( pneumococci,( in( contrast(with( atypical(
strains(of(ambiguous(speciation,(where(multiple(ComC(alleles(can(be(found((Simões(et(
al.,(2010).(
To(explore( the( reasons(underlying( the(observation( that(NT(had(highly( variable(PFGE(
profiles( in(contrast(to(relatively(conserved(STs,(we(assessed(whether(the(presence(of(
prophages(or(other(mobile(elements(could(account( for( these(observations.(Although(
that( seemed( to(be( the( case( in( some( strains,( the(presence(of( these(mobile(elements(





as( the( prophage( typing( system( proposed( by( Romero( et( al.,( could( have( provided(
additional( information( but( was( beyond( the( purpose( of( this( study( (Romero( et( al.,(
2009a;(Romero(et(al.,(2009b).((
Our(study(has(a(major(limitation.(Information(obtained(by(CGH(is(restricted(to(what(is(
present( in( the( array( and( therefore( limited( by( nature.( Still,( interesting( information(
regarding( variability( and( presence/absence( of( pneumococcal( genes( implicated( in(
virulence( was( obtained,( providing( further( hypothesis( related( to( the( low( disease(
capacity( of( these( strains.( Our( study( has( also( some( strengths.( The( thorough(
characterisation(of(a(representative(collection(of(NT(circulating( in(Portugal(for(over(a(
decade(provided( insight(on( the(most( frequent( features(of( the( lineages( in( circulation(






express( the( capsule( but( are( otherwise( essentially( similar( to( encapsulated(
pneumococci,( having( a( comparable( core( genome( and(most( virulence( factors.( Given(
that(NT(are(not( targeted(by(current(pneumococcal(vaccines(and( that( they(are(highly(
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Strain) No.)ORFs)in)array) False)negatives) Description)
TIGR4) 2,238( SP_1217( Hypothetical(protein(
SP_1921( Hypothetical(protein(
R6) 113( Not(hybridiseda( (

















BHN418) 1( None( (
Sp14JBS69) 92( SP14_0054( Gp18(
SP14_1091( Hypothetical(protein(
Sp3JBS71) 51( None( (




Strain) Serotype) MLST) Reference)
TIGR4) 4( 205( (Tettelin(et(al.,(2001)(
D39) 2( 595( (Iannelli(et(al.,(1999)(
R6) B( 595( (Baltz(et(al.,(1998)(
CBR206) 19F( 179( (Rodrigues(et(al.,(2009)(
LGST215) 19F( 179( (SáBLeão(et(al.,(2008)(
Sp3JBS71) 3( 180( (Hiller(et(al.,(2007)(
Sp14JBS69) 14( 124( (Hiller(et(al.,(2007)(
BHN100) 19F( 162( (Hyams(et(al.,(2011)(
BHN191) 6B( 138( (Browall(et(al.,(2014)(
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D.(A.(Tavares(was( responsible( for(all(experimental(work,(with( the(exception(of( the(
initial(selection(of(the(strains,(multilocus(sequence(typing(of(the(strains,(and(deposit(






During( surveillance( studies( we( detected,( among( over( 1500( presumptive(
pneumococci,(11( isolates(displaying(conflicting(or(novel( results(when(characterized(
by( widely( accepted( phenotypic( (optochin( susceptibility( and( bile( solubility)( and(
genotypic( (lytADBsaAIDRFLP( and( MLST)( identification( methods.( We( aimed( to(
determine(the(genetic(basis(for(the(unexpected(results(given(by(lytADBsaAIDRFLP(and(
investigate( the( accuracy( of( the( WHO( recommended( lytA( realDtime( PCR( assay( to(
classify(these(11(isolates.(Three(novel&lytADBsaAIDRFLP(signatures(were(found((one(in(
pneumococcus( and( two( in( S.&mitis).( In( addition,( one( pneumococcus( displayed( the(
atypical( lytADBsaAIDRFLP( signature( characteristic( of( nonDpneumococci( and( two( S.&
pseudopneumoniae( displayed( the( typical( lytADBsaAIDRFLP( pattern( characteristic( of(
pneumococci.& lytA( realDtime( PCR(misidentified( these( three( isolates.( In( conclusion,(
identification( of( pneumococci( by( lytA( realDtime( PCR,( and( other( lytADbased(
methodologies,( may( lead( to( false( results.( This( is( of( particular( relevance( in( the(




Streptococcus& pneumoniae( (pneumococcus)( is( a(major( human(pathogen,( causing( a(
wide( range( of( infections( from( otitis( media( to( bacteremia( and(meningitis.( Routine(
identification( of( pneumococcus& (colony( morphology( on( blood( agar( plates,(
susceptibility( to( optochin,( cell( wall( lysis( by( 1%( of( sodium( deoxycholate( (bile(
Chapter(3(
 80(




As( a( human( colonizer,( pneumococci( coDhabit( the( nasopharynx( with( several( other(
bacterial(species,(including(its(closest(relatives:(S.&pseudopneumoniae,(S.&mitis,(and(S.&
oralis.! The( exchange( of( genetic( elements( between( pneumococci( and( its( closest(
relatives( has( been( described( and( increases( the( difficulties( in( species( identification(
(Denapaite&et&al.,(2010;(Donati&et&al.,(2010;(Johnston&et&al.,(2010).(Although(isolates(
of( closely( related( species(have(been( implied( in(disease(episodes,(pneumococcus( is(
the( most( important( diseaseDcausing( species( of( the( mitis( group( (formed( by(
pneumococcus,(S.&pseudopneumoniae,(S.&mitis,(and(S.&oralis,(among(others)((Bochud&
et&al.,(1994;(Douglas&et&al.,(1993;(Keith&et&al.,(2006;(Rolo&et&al.,(2013).(For(this(reason,(
a( correct( identification( of( pneumococcus( is( crucial( for( an( accurate( diagnosis( and(




In( recent( years,( several( molecular( methods( have( been( proposed( to( differentiate(
pneumococcus( from( closely( related( species.( The( presence( of( the( lytA( gene( –( the(
major( autolysin( and( a( ubiquitous( virulence( factor( –( has( been(proposed( to( identify(
pneumococci( (Messmer& et&al.,( 1997).(However,(homologues(of( the( lytA&gene(have(
been( detected( in( strains( of( closely( related( streptococcal( species( (Denapaite& et& al.,(
Misidentification(of(pneumococcus(by(lytADbased(methods(
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2010;( Romero& et& al.,( 2004;(Whatmore& et& al.,( 2000).( A( lytADBsaAIDRFLP( strategy( to(
differentiate( pneumococcus( from( closely( related( species( based( on( signatures(
characteristic(of(pneumococcal((typical)(lytA&or(nonDpneumococcal((atypical)(lytA(has(
been( proposed( and( successfully( used( (Llull& et& al.,( 2006).( Also,( based( on( DNA(
sequence(differences(between( the(pneumococcal( lytA( and( its(homogues,( realDtime(




In( addition,( multilocus( sequence( typing( (MLST)( and( multilocus( sequence( analysis(
(MLSA)( strategies( have( been( validated( as( tools( for( reliable( species( identification(
among(streptococci(of(the(viridans(group((Hanage&et&al.,(2005a;(Bishop&et&al.,(2009).(
During( surveillance( studies,( we( detected( 11( presumptive( pneumococcal( isolates(
displaying( conflicting( or( novel( results( when( characterized( by( the( combination( of(
optochin( susceptibility,(bile( solubility,( lytADBsaAIDRFLP,( and(MLST.( In( this( study,(we(
aimed(to(determine(the(genetic(basis(for(the(unexpected(results(given(by(lytADBsaAID
RFLP.( Also,( considering( the( increasing( and( wide( use( of( lytA( realDtime( PCR( for( the(









collection( and( processed( anonymously.( No( human( subjects,( human( material( or(
human( data( were( used,( thus( excusing( the( requirement( for( an( ethical( approval.(
Approval( for( the(original( studies(was( obtained( from:( i)( the( Portuguese(Ministry( of(
Education;( the( study( was( registered( and( approved( at( the( Health( Care( Centre( of(
Oeiras( that( reports( to( Administração( Regional( de( Saúde( (ARS;( “Regional( Health(
Administration”)(of(Lisboa(and(Vale(do(Tejo( from(the(Ministry(of(Health( (PT(coded(
isolates);( signed( informed( consent( was( obtained( from( parents/guardians( of(
participating( children;( ii)( the( “Comité( Ètic( d'Investigació( Clínica( del( Hospital(
Universitari( de( Bellvitge”( (Spain( coded( isolates);( and( iii)( research( sites( involved( in((
the(European(project(GRACE((Genomics(to(Combat(Resistance(against(Antibiotics(in(
CommunityDacquired( LRTI( in( Europe)( obtained( ethical( and( competent( authority(
approval( from( their( local( organizations.( Patients(who( fulfilled( the( inclusion( criteria(




studies( performed( in( Portugal( (obtained( between( 2011D2014,( n=1226( isolates),( a(
study(of( lower( respiratory( tract( infections( in( several( European( countries( (obtained(





1991D2009,( n=132;( (Rolo( et& al.,( 2013)).( The( assays( performed( for( species(
identification( are( described( below( and( are( summarized( in( Fig.( S1.( Briefly,( isolates(
were( presumptively( identified( as( pneumococci( based( on( presence( of( aDhemolysis(
when(grown(in(gentamycin(blood(agar(plates(and(optochin(susceptibility.(If(optochin(
resistance(was( observed,( bile( solubility(was( performed.( Presumptive( pneumococci(








Spain)( and( 175(were( identified( as( non( S.& pneumoniae&with( an( atypical( lytADBsaAID
RFLP&pattern((66(from(Portugal,(22(from(GRACE,(and(87(from(Spain).(The(11(isolates(
reported(here((four(from(Portugal,(three(from(GRACE,(and(four(from(Spain)(exhibited(
conflicting( (or( novel)( results( when( presumptive( identification( based( on( optochin(
susceptibility( and( bile( solubility( was( compared( to( the( one( suggested( by( the( lytAD
BsaAIDRFLP(typing(system.(
Optochin! susceptibility! in! CO2! and! in! O2! atmosphere.!Optochin( susceptibility( was(




agar( (trypticase( soy( agar( supplemented(with( 5%( defibrinated( sheep( blood).( Plates(
were(incubated(overnight(at(37°C(in(5%(CO2(atmosphere(or(in(ambient(atmosphere(
as( described( by( Arbique( et& al.( (Arbique& et& al.,( 2004).( Isolates( were( considered(
resistant(to(optochin(when(they(displayed(inhibition(zones(smaller(than(14(mm.(
Bile! solubility! test.! The( bile( solubility( assay(was( performed( according( to( standard(
procedures:(colonies(from(an(overnight(culture(were(suspended(in(1(mL(of(a(0.85%(
NaCl( (w/v)( solution( to( a( turbidity( equal( to( 0.5D1(McFarland( standard( (Rouff(et& al.,(
2003).(This(suspension(was(distributed(into(two(tubes((500(µL(each(tube)(and(200(µL(





and( by(multiplex( PCR( as( previously( described( (Brito( et& al.,( 2003;( Pai( et& al.,( 2006;(
Simões(et&al.,(2011).(
lytA"BsaAI"RFLP!signatures.!The!entire(lytA(gene(was(amplified(by(PCR(using(primers(
previously( described( (LA5_Ext:( 5’DAAGCTTTTTAGTCTGGGGTGD3’( and( LA3_Ext:( 5’D
AAGCTTTTTCAAGACCTAATAATATGD3’),(yielding(a(PCR(product(of(approximately(1200(
bp( (Obregon& et&al.,( 2002).( Typical( (characteristic(of(pneumococcal( lytA)( or( atypical(
(characteristic( of( nonDpneumococcal( lytA)( RFLP( signatures& were( determined( as(





realDtime( PCR( using( previously( described( primers( (lytA_F:( 5’DACGCAATCTAG(
CAGATGAAGCAD3’(and(lytA_R:(5’DTCGTGCGTTTTAATTCCAGCTD3’)(and(probe((5’DFAMD
GCCGAAAACGCTTGATACAGGGAGD3’DBHQ1)( (Carvalho( Mda& et& al.,( 2007).( The(
presence(of( the(piaB&gene(was( tested(by( realDtime(PCR(using(previously(described(
primers( (piaF:( 5’DCATTGGTGGCTTAGTAAGTGCAAD3’( and( piaR:( 5’DTACTAAC(
ACAAGTTCCTGATAAGGCAAGTD3’)( and( probe( (5’DFAMDTGTAAGCGGAAAAGCAG(
GCCTTACCCD3’DBHQ1)( (Trzcinski&et&al.,(2013).(The(assays(were(carried(out( in(a( final(
volume(of(25(μL(using(the(FastStart(TaqMan(Probe(Master((Roche)(containing(2.5(μL(
of(0.2(ng/μL(DNA,(0.15(μM(of(each(primer,(and(0.075(μM(of(probe.(The(assay(was(
performed( three( times( on( different( days( and( DNA( from( S.& pneumoniae( TIGR4(
(positive( control)( and( S.& pseudopneumoniae( ATCC( BAAD960( (negative( control)( was(
used( in( every( run.(DNA(was( amplified(with( CFX96( realDtime( system( (BioDRad)(with(
the( cycling( parameters( previously( described( (Carvalho(Mda& et& al.,( 2007).( Samples(
were(considered(positive(when(cycle( threshold( (Ct)( values(were(equal( to(or(below(
35.(
DNA! sequencing.! Sequencing( reactions( needed( for( the( methods( described( below(
were( conducted( at( Macrogen,( Inc.( (Amsterdam,( The( Netherlands).( Sequencing(
analysis(was(done(with(DNAStar((Lasergene).!
lytA- sequencing! analysis.! PCR( products( of( approximately( 1200( bp( containing( the(
entire( lytA(gene((957(bp)(were(obtained(as(described(above((Obregon&et&al.,(2002).(
Sequencing(was(conducted(at(Macrogen(and(subsequent(analysis(of(the(sequences(




960( (S.& pseudopneumoniae,( NCBI( accession( number( AM113495.1),( to( be( used( for(
comparison.( Nucleotide( sequences( of( lytA( gene( described( in( this( study( were(





Spratt,( 1998).( Sequencing( analysis( was( done( with( DNAStar.( Allele( number(




sodA,( and( tuf( –( was( done( according( to( the( scheme( developed( and( validated( for(
viridans(group(of(streptococci(by(Bishop(et&al.,(except(for(the(primer(sodADdn,(that(
had( an( R( to( Y( substitution( (5’DAYRTARTAM( GCRTGYTCCCARACRTCD3’)( based( on(
published( sequences( of( strains( TIGR4( (S.& pneumoniae,( NCBI( accession( number(
AE005672.3),( B6( (S.& mitis,( NCBI( accession( number( NC_013853.1),( and( IS7493( (S.&
pseudopneumoniae,( NCBI( accession( number( CP002925.1)( (Bishop& et& al.,( 2009).(
Phylogenetic(analysis(of(the(concatenated(sequences(of(both(strains(analyzed(in(this(
study( and( the( ones( deposited( at( the( eMLSA( database( (427( strains( of( the( viridans(






of( 0.5).( A( minimumDevolution( phylogenetic( tree( was( constructed( using( default(
parameters( (maximum(composite( likelihood(was(used(as( the(substitution(model(of(
nucleotides,( with( transitions( and( transversions( as( the( substitutions( to( include;(
uniform( rates( among( sites;( homogeneous( pattern( among( lineages;( complete(
deletion(of(gaps(and(missing(data(and(closeDneighborDinterchange(was(used(as( the(
ME( heuristic( method,( based( on( an( initial( tree( by( neighborDjoining).( Different(
concatenated( sequences( of( the( strains( analyzed( were( arbitrarily( named( viridans(








capsular( genes( (screened( by( PCR( serotyping( as( described( in( the( Material( and(
Methods(section)(could(not(be(detected(in(any(of(the(strains,(suggesting(the(absence(
of(a(pneumococcal(capsule.((
Atypical! and! novel! lytA"BsaAI"RFLP! patterns! found! in! pneumococci.! One(



































GRA036B! NP! SP,!2008! 69,!M! S! S! Pos! 13,!8,!65,!1,!60,!16,!6!(508)! A! Pos!(23)! Pos!(24)! 1! S.&pneumoniae&
Spain6220! Sputum! SP,!2002! 71,!M! S! S! Pos! 13,!8,!65,!1,!60,!16,!6!(508)! A! Pos!(24)! Pos!(27)! 2! S.&pneumoniae&
Spain7582! Sputum! SP,!2005! 61,!M! S! S! Pos! 13,!8,!65,!1,!60,!16,!6!(508)! A! Pos!(24)! Pos!(28)! 1! S.&pneumoniae&
GRA218B! NP! SP,!2010! 29,!F! S! S! Pos! 8,!10,!84,!1,!2,!14,!59!(8073)! Atypical! Neg! Neg! 3! S.&pneumoniae&
GRA254A! Sputum! BE,!2009! 53,!M! S! S! Pos! 242(99%),!67(97%),!48(97%),!38(97%),!393(95%),!46(97%),!nd! B! Neg! Neg! 4! S.&mitis&
PT8543! NP! PT,!2011! 4,!M! R! R! Pos! 106(98%),!414(98%),!318(96%),!195(97%),!193(96%),!nd,!2(98%)! B! Neg! Neg! 5! S.&mitis&
PT8638! NP! PT,!2011! 5,!M! R! R! Pos! 59(97%),!94(98%),!3(96%),!195(97%),!40(95%),!nd,!2(98%)! B! Neg! Neg! 6! S.&mitis&
PT9018! NP! PT,!2012! 4,!M! R! R! Pos! 242(98%),!nd,!51(98%),!80(98%),!313(99%),!179(95%),!107(97%)! B! Neg! Neg! 7! S.&mitis&
PT8238! NP! PT,!2011! 3,!M! R! R! Pos! 88(95%),!94(98%),!318(97%),!67(96%),!182(96%),!153(94%),!545(96%)! C! Neg! Neg! 8! S.&mitis&
Spain2270! CSF! SP,!2009! 64,!M! R! S! Pos! 103(99%),!381(98%),!94(97%),!37(99%),!389(99%),!nd,!447(97%)! Typical! Pos!(24)! Neg! 9! S.&pseudopneumoniae&
Spain9880! Sputum! SP,!2009! 53,!M! R! S! Pos! 103(99%),!381(98%),!94(97%),!37(99%),!389(99%),!nd,!447(97%)! Typical! Pos!(24)! Neg! 10! S.&pseudopneumoniae&
Misidentification,of,pneumococcus,by,lytA2based,methods,
 89,
usually, associated,with, non2pneumococci, (Fig., 1), (Llull% et% al.,, 2006)., This, strain,was, both,
optochin,susceptible,and,bile,soluble,,belonged,to,ST8073,,and,clustered,with,pneumococci,
by,MLSA,(Table,1,,Fig.,2).,Sequence,analysis,of,the,lytA,gene,confirmed,a,98%,similarity,of,





(A), Schematic, representation, of, the, DNA, fragments, produced, by, digestion, of, lytA% gene, with, BsaAI., Solid,








lytA, gene, revealed, a, 60bp, deletion, at, 724bp,, resulting, in, the, loss, of, 20, amino, acids,









circle, –, GRA254A,, blue2green, circle, –, PT8543,, maroon, circle, –, PT8638,, cyan, circle, –, PT9018,, gray, circle, –,
PT8238,, rose, circle, –, Spain, 2270,, red, circle, –, Spain9880,, green, triangle, –, S.% pneumoniae, reference, strain,
TIGR4,,purple,triangle,–,S.%pseudopneumoniae,reference,strains,ATCC2BAA,960,and,IS7493,,blue,triangle,–,S.%





Typical' and' novel' lytA5BsaAI5RFLP' patterns' found' in' non5pneumococci.' Two, non2




database, and, clustered, with, S.% pseudopneumoniae, by, MLSA, (Table, 1,, Fig., 2)., Such,
similarities,between,these,strains,suggest,that,they,belong,to,a,common,lineage.,Sequence,










BsaAI, cutting, site., Apart, from, these, mutations,, the, LytA, amino, acid, sequences, of, these,
strains, were, 97298%, similar, to, that, of, the, homologue, of, ATCC, BAA2960,, the, S.%
pseudopneumoniae,strain,used,as,reference.,
Misidentifications'by'real5time'PCR'targeting'lytA%and%piaB.,Pneumococcal,identification,by,




two, S.% pseudopneumoniae, strains, encoding, for, (the, pneumococcal), lytA% (Ct, 24, for, both,,
Table, 1)., For, all, other, cases, described,, the, mutations, found, were, located, outside, the,
annealing, sites,of, the, real2time,PCR,primers, and,probe,and,no,misidentifications,by, real2
time,PCR,were,found,(Fig.,S2).,







lytA2BsaAI2RFLP,and, to, investigate, the,accuracy,of, the, lytA, real2time,PCR,to,classify,11,α2
hemolytic, streptococcal, isolates,displaying, conflicting,or,novel, results,when, characterized,
by,the,combination,of,optochin,susceptibility,,bile,solubility,,lytA2BsaAI2RFLP,,and,MLST.,The,
main, findings,of,our,work,were:, (i), the, identification,of,one,pneumococcal,carriage,strain,
harboring, a, non2pneumococcal, homologue, of, lytA;, (ii), the, identification, of, two, invasive,
(cerebrospinal,fluid,and,sputum),S.%pseudopneumoniae,strains,harboring,the,characteristic,






non2pneumococcal, homologue, of, lytA.% Isolates, with, similar, properties, may, have, passed,
undetected, in, culture2independent, studies, relying, solely, on, detection, of, lytA, to, identify,




pseudopneumoniae, (Shahinas% et% al.,, 2011)., However,, lytA, real2time, PCR, amplification, of,
strain,IS7493,did,not,retrieve,a,positive,result,(Tavares,et%al.,,unpublished).,,
The,use,of,piaB%real2time,PCR,to,complement,lytA,real2time,PCR,has,been,proposed,as,piaB,
has, been, described, as, a, pneumococcal, specific, non2ubiquitous, gene, that, appears, to, be,




However,, in,a, recent, study,of,non2typeable,pneumococci, circulating, in,Portugal,,we,have,
only,detected,piaB,in,12,out,of,35,(34%),non2typeable,pneumococci,suggesting,absence,of,
this,gene,is,common,among,these,strains,(Tavares,et%al.,,2015).,Nevertheless,,the,strategy,





The, occurrence, of, genetic, exchange, between, oral, Streptococcus, species, has, been, well,
documented,and,horizontal,gene,transfer,has,been,suggested,as,an,important,attenuator,of,
putative,species,barriers,(Chi%et%al.,,2007;,Denapaite%et%al.,,2010;,Donati%et%al.,,2010;,Hanage%
et% al.,, 2005b;, Johnston% et% al.,, 2010)., In, fact,, a, smooth, transition,between,pneumococcus,
species, and, its, close, relatives, has, been, proposed, (Hakenbeck% et% al.,, 2001).,On, the, other,




It, is, important, to, highlight, that,, although, exceptions, have, been, reported, here, and,
elsewhere,(Arbique%et%al.,,2004;,Balsalobre%et%al.,,2006;,Bosshard%et%al.,,2004;,Nunes%et%al.,,
2008;,Sá2Leão% et%al.,,2006;,Simões% et%al.,,2010;,Whatmore% et%al.,,2000;, ),, susceptibility, to,
optochin,,bile,solubility,,and,assignment,of,a,capsular,type,are,,each,one,of,them,,excellent,
presumptive,methods, to, identify, the,majority,of,pneumococcal, isolates., In, this, report,,all,
but, one, S.% mitis% strain, were, correctly, identified, based, on, optochin, susceptibility., For,
dubious, cases,, the, assignment, of, specific, lytA2BsaAI2RFLP, signatures, and, a,multiplex, PCR,
strategy,have,been,proposed, (Llull% et% al.,, 2006;, Simões% et% al.,, 2011).,However,, this, study,
suggests, that, with, these, methods,, although, rarely,, misidentification, can, still, occur., The,
assignment,of,a, sequence, type,by, the,S.%pneumoniae%MLST,scheme,or, the,viridans,MLSA,





sequence, signature, of, 16S, rRNA, has, also, been, proposed, as, an, inexpensive, identification,
tool,(Scholz%et%al.,,2012).,
One,possible,limitation,of,our,study,is,that,we,did,not,systematically,study,the,frequency,at,
which, isolates,with, the, new, or, conflicting, characteristics, described, in, this, study, occur, in,
collections,of,pneumococcal,clinical,and,carriage,isolates.,This,aim,was,beyond,of,scope,of,
this, study., Although, all, isolates, were, characterized, by, optochin, susceptibility, and, bile,
solubility,, lytA2BsaAI2RFLP, was, applied, only, with, isolates, presumptively, identified, as,
pneumococci,and,for,which,a,serotype,could,not,be,assigned.,Still,,based,on,our,experience,,
the, frequency, of, such, isolates, appears, to, be, low., In, particular,, among, the, colonization,
isolates, from, Portugal, (n=1226), we, have, systematically, performed, the, lytA2BsaAI2RFLP,
assay, for, presumptive, pneumococcal, isolates, for, which, a, capsular, type, could, not, be,




The, future, is, heading, towards, automated, screenings, of, unprocessed, samples., Currently,,
lytA, real2time, PCR, is, the, culture2independent,methodology, of, choice, and, the, association,
with,a, second,gene, such,as,piaB%as,proposed,by,Trzcinski,et%al., is, an, interesting, strategy,
(Carvalho, Mda% et% al.,, 2007;, Satzke% et% al.,, 2013;, Trzcinski% et% al.,, 2013)., Whole, genome,






In, conclusion,, identification, of, pneumococci, based, on, lytA, detection,, including, real2time,
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In, bold, are, the, lytA, sequences, used, as, control, (S.% pseudopneumoniae, ATCC, BAA2960, and, S.% pneumoniae,
TIGR4);,blue, shadow, indicates, the, restriction, sites, for,BsaAI;,green,and,orange,shadows, indicate,probe,and,
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In!preparation:!D.!A.! Tavares,!R.! J.! Carvalho,! S.!Handem,!H.!de! Lencastre,! J.!Hinds,!




















performed! by! S.! Handem.! Isolates! were! previously! characterised! by! optochin!






In! 2013,! the! lytA@CDC& real@time! PCR! assay!was! recommended! by! the!WHO! as! the!
gold@standard!culture@independent!assay!for!the!identification!of!pneumococcus.!In!
addition,!a!piaB!assay!has!been!proposed!by!others!to!be!used!in!parallel!to!increase!
the! specificity! of! the! identification.! In! this! study! we! aimed! to! evaluate! the!
performance!of!lytA@CDC!and!piaB!assays!for!the!identification!of!pneumococcus!and!




best! performance! (100%! sensitivity! and!99.3%!and!98.7%!positive!predictive! value!
(PPV),!respectively,!p=0.564),!followed!by!hylA!(100%!sensitivity!and!83.8%!PPV),!and!
piaB! (93.3%! sensitivity! and! 98.6%! PPV).! All! assays! misidentified! strains! of! other!
Streptococcus!species!as!pneumococcus.!In!particular,! lytA@CDC!misidentified!two!S.&
pseudopneumoniae! strains! as! pneumococcus.! Moreover,! piaB! misidentified!
pneumococcal! strains! of! serotypes! 6B,! 11A,! 23F,! and! non@encapsulated! as! non@
pneumococcus.! According! to! our! results,! SP_2020! in! combination! with! lytA@CDC!
should! be! considered! as! an! alternative! to! the! lytA@CDC! or! the! lytA@CDC! and! piaB!







The! identification! of! the! human! pathogen! Streptococcus& pneumoniae!
(pneumococcus)! may! be! a! demanding! task.! In! fact,! exceptions! to! the! traditional!
phenotypic!assays!(susceptibility!to!optochin,!cell!wall!lysis!by!sodium!deoxycholate!
(bile! solubility),! and! assignment! of! a! capsular! type! by! serotyping)! have! all! been!
described! (Mundy& et& al.,! 1998;!Whatmore& et& al.,! 2000;!Arbique& et& al.,! 2004).!Also,!
molecular! assays! are! often! hampered! by! the! frequent! genetic! exchange! between!
pneumococcus! and! other! species! of! the! viridans! group! streptococci,! mainly! S.&
pseudopneumoniae! and! S.& mitis! (Whatmore& et& al.,! 2000).! In! carriage! studies!





still! relies! on! optochin! susceptibility,! bile! solubility,! and! serotyping! of! cultured!α@
haemolytic!colonies,!the!method!of!choice!for!culture@independent!assays!is!a!real@
time! PCR! assay! targeting! the! gene! lytA! developed! by! Carvalho! et& al.! (lytA@CDC)!
(Carvalho! Mda& et& al.,! 2007;! Satzke& et& al.,! 2013).! LytA! is! the! major! autolysin! of!






method! has! been! extensively! used! by! different! laboratories! in! both! disease! and!
carriage!studies!(Trzcinski&et&al.,!2013;!del!Amo&et&al.,!2015).!!
In! addition,! a! second! real@time! PCR! assay,! targeting! piaB,! a! permease! of! an! ABC!
transporter! involved! in! iron! uptake! and! virulence,! has! been! used! by! others! to!
increase! the! specificity!of!pneumococcal! identification!by! this!method! (Trzcinski& et&
al.,! 2013;!Wyllie& et& al.,! 2014;! Brown& et& al.,! 2001).! Although! this! system! has! been!




genes)! can! be! present! in! closely! related! species! of! the! viridans! group! of!





















33B,! 33F,! 34,! 35B,! 35F,! 37,! 38,! 39,! and! 42.! This! collection! included! the! prototype!
strains! of! 27! Pneumococcal! Molecular! Epidemiology! Network! (PMEN)! clones!
(http://www.sph.emory.edu/PMEN/index.htm):! Spain23F@1,! Spain6B@2,! Spain9V@3,!
Tennessee23F@4,! Spain14@5,! Hungary19A@6,! S.Africa19A@7,! S.Africa6B@8,! England14@9,!
CSR14@10,!CSR19A@11,! Finland6B@12,! S.Africa19A,! Taiwan19F,! Taiwan23F@15,!Poland23F@16,!
Maryland6B@17,!Tennessee14@18,!Colombia5@19,!Poland6B@20,!Portugal19F@21,!Greece6B@
22,!N.!Carolina6A@23,!Utah35B@24,!Sweden15A@25,!Colombia23F@26,!and!Portugal6A@41.!
The! non@S.& pneumoniae& spp.! control! collection! included! 31! type! strains! of! the!
following! 23! Streptococcus! species:! S. pseudopneumoniae (PT5479, IS7943), S. 
mitis (DSM12643), S. oralis (DSM20066, DSM20379, DSM20395, DSM20627), S. 
cristatus (DSM8249), S. gordonii (DSM6777, DSM20568), S. infantis (DSM12492), 
S. parasanguinis (DSM6778), S. peroris (DSM12493), S. sanguinis (DSM20567), S. 
sinensis (DSM14990), S. anginosus (DSMZ20563), S. constellatus (NCTC11325), S. 
intermedius (NCTC11324), S. salivarius (DSM20560), S. vestibularis (DSM5636), 
viridans streptococci (DSM20377, DSM20392), S. agalactiae (DSMZ6784), S. bovis 
(DSM20480), S. canis (DSM20715), S. dysgalactiae sub. dysgalactiae 
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(DSMZ20662), S. dysgalactiae sub. equisimilis (DSMZ6176), S. equi sub. 
zooepidemicus (DSMZ20727), S. equinus (NCTC10389), S. mutans (DSM20523), S. 
pyogenes (DSM20565).!
The! test! collection! included! 402! α@haemolytic! non@pneumococcal& isolates.! The!
isolates!were!recovered!between!1991!and!2012!from!different!carriage!and!disease!
studies!and!all!belong!to!our!in@house!collection.!Isolates!were!initially!isolated!based!
on! the! observation! of! α@haemolysis! and! colony! morphology! suggestive! of!
pneumococcus,! but! were! found! to! be! of! other! streptococcal! species! when! a!
combination! of! methods! was! applied! (optochin! susceptibility,! bile! solubility,!
serotyping,!and!lytA@BsaI@RFLP)!(Sá@Leão&et&al.,!2009;!Simões&et&al.,!2011;!Llull&et&al.,!
2006).! Of! the! 402! α@haemolytic! non@pneumococcal& isolates! tested,! 346! were!
resistant! to! optochin,! 25! were! susceptible! to! optochin! but! bile! insoluble,! and! 31!
were! susceptible! to! optochin! and! bile! soluble! but! could! not! be! assigned! to! a!
serotype.! These! latter! 31! isolates! were! confirmed! not! to! be! pneumococcus! by! a!




(Qiagen)! or! MagNa) Pure! Compact) Nucleic! Acid! Isolation! kit! (Roche! Diagnostics!






the! core! genome! of! pneumococcus! proposed! by!Obert! et& al.! (Obert& et& al.,! 2006).!
Hyaluronidase!seems!to!favour!colonisation!and!dissemination!of!pneumococcus!by!
contributing! to! pneumolysin@mediated! damage! of! the! epithelium! (Feldman& et& al.,!
2007).!SP_2020) is!a!putative!transcriptional!regulator!and,! like!hylA,!belongs!to!the!
core!genome!of!pneumococcus!proposed!by!Obert!et&al.!(Obert&et&al.,!2006).!
To! design! the! real@time! PCR! assay! targeting! hylA,! the! nucleotide! sequence! of! the!
TIGR4!hylA!gene!(SP_0314)!was!blasted!against!the!NCBI!database!(as!of!May!2013).!
Of!61!hints,!23!were!identical!pneumococcal!nucleotide!sequences!and!thus!only!one!




A! 146bp! region! closer! to! the! 3’! region! of! SP_0314! was! identified! and! one! set! of!
primers! and! one! Cy5@labeled! probe! were! designed:! hylA_F! (5’@




Homology! was! found! only! to! pneumococcal! nucleotide! sequences! (29! sequences,!
99@100%!nucleotide!similarity)!and!not!to!any!other!Streptococcus&species.!One!set!
of! primers! and! a! FAM@labelled! probe! were! designed:! SP_2020_F! (5’@











DNA!were! tested! in! a! final! volume!of! 25μL! containing! 1x! FastStart! TaqMan!Probe!
Master!(Roche),!0.15µM!each!primer,!0.075µM!probe.!DNA!was!amplified!with!the!
CFX96! Real@Time! System! Amplification! (Bio@Rad)! by! using! the! following! cycling!




collection!were! tested! twice! in!different!days.!All! strains! from! test! collection!were!
tested! once,! except! when! amplification! occurred.! In! such! cases,! isolates! were! re@
tested!for!confirmation.!In!addition,!for!each!assay,!a!random!selection!of!10%!of!the!
strains!from!test!collection!was!also!independently!selected!for!re@testing.!DNA!from!
S.& pneumoniae! TIGR4! (positive! control)! and! S.& pseudopneumoniae! ATCC! BAA@960!
(negative! control)!was! used! in! every! run.! Samples!were! considered! positive!when!
the!cycle!threshold!(CT)!value!was!equal!or!below!35.!
Performance)of) the) real3time)PCR)assays) for) the) identification)of)pneumococcus.!
To! evaluate! the! performance! of! the! real@time! PCR! assays! for! the! identification! of!
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pneumococcus,! two! parameters! were! estimated:! the! sensitivity,! to! estimate! the!
percentage!of!pneumococci!correctly!identified!among!all!the!pneumococci,!and!the!
positive!predictive!value! (PPV),! to!estimate!the!percentage!of!pneumococci!among!
the! isolates! giving! a! positive! result! for! a! given! assay.! To! compare! PPVs! of! the!
different! real@time! PCR! assays,! the! generalised! score! statistic! test! proposed! by!
Leisenring!et&al.!was!used!(Leisenring&et&al.,!2000).!
Multilocus) sequence) analysis) (MLSA)) for) viridans) group) streptococci) (viridans)
MLSA).)Amplification!of! internal! fragments!of! the! seven!housekeeping!genes!map,!
pfl,!ppaC,!pyk,!rpoB,!sodA,!and!tuf!was!done!as!described!(Bishop&et&al.,!2009;!Simões&
et&al.,!2016).!Sequencing!reactions!were!conducted!at!Macrogen,!Inc!and!sequence!
analysis! was! performed! using! DNAstar! (Lasergene).! Phylogenetic! analysis! of! the!
concatenated! sequences! in! comparison! with! the! eMLSA! database!
(http://www.emlsa.net/)! was! performed! using! MEGA6.06! (http://www.mega!
software.net)!as!described:!alignment!of!sequences!by!ClustalW!and!construction!of!




To! evaluate! the! sensitivity! of! the! real@time! PCR! assays,! 150! pneumococcal! strains!








Figure) 1.! Real@time! PCR! detection! of! S.& pneumoniae! candidate! target! genes! lytA,! piaB,! hylA,! and!
SP_2020.!
Open!circles!–!S.&pneumoniae!control!collection!(n=150);!closed!circles!–!non@pneumococcal!isolates:!




S.& pneumoniae! control! collection! and! n=1! test! collection.! Number! of! samples! not! amplifying! each!
gene! (not! shown! in! the! graphic! –! no! CT! available):! lytA! –! n=31! non@S.& pneumoniae! spp.! control!
collection! and! n=400! test! collection;! piaB! –! n=10! S.& pneumoniae! control! collection,! n=31! non@S.&
pneumoniae!spp.! control!collection,!and!n=400!test!collection;!hylA!–!n=29!non@S.&pneumoniae!spp.!
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Table) 1.! Sensitivity,!positive!predictive!value,!and! species!misidentified!by! the! real@time!PCR!assays!
tested.!
PPV!–!positive!predictive!value!
Assay)(CT≤35)) Sensitivity) PPV) Misidentified)species)(no.)isolates)out)of)583))
lytA&& 100%! 98.7%! S.&pseudopneumoniae&(2)!
piaB& 93.3%! 98.6%! S.&pneumoniae&(10),!S.&pseudopneumoniae!(2)!
hylA& 100%! 83.8%! S.&mitis!(27),!S.&oralis!(2)!
SP_2020! 100%! 99.3%! Uncertain!(1)!
lytA+piaB! 93.3%! 100%! S.&pneumoniae&(10)!
lytA+hylA& 100%! 100%! !
lytA+SP_2020! 100%! 100%! !
piaB+hylA& 93.3%! 100%! S.&pneumoniae&(10)!
piBa+SP_2020! 93.3%! 100%! S.&pneumoniae&(10)!
hylA+SP_2020! 100%! 100%! !
lytA+piaB+hylA& 93.3%! 100%! S.&pneumoniae&(10)!
lytA+piaB+SP_2020! 93.3%! 100%! S.&pneumoniae&(10)!
lytA+hylA+SP_2020! 100%! 100%! !
piaB+hylA+SP_2020! 100%! 100%! S.&pneumoniae&(10)!
lytA+piaB+hylA+SP_2020! 93.3%! 100%! S.&pneumoniae&(10)!
!
The! absence! of! piaB! has! been! previously! reported! for! non@typeable! pneumococci!
(Whalan& et&al.,!2006;!Tavares& et&al.,!2014),!but!not! for!encapsulated!pneumococci.!
Moreover,!three!of!the!encapsulated!pneumococcal!strains!testing!negative!for!piaB!
belong! to! serotypes! targeted! by! pneumococcal! conjugate! vaccines.! Therefore,!






value!between!36!and!44.!For! these!36! isolates,!DNA!extraction!was! repeated!and!





3).!The!PPVs!were,! therefore,!as! follows:!98.7%! for! lytA,!98.6%! for!piaB,!83.8%! for!
hylA,!and!99.3%!for!SP_2020!(Table!1).!

















A! total! of! 31! type! strains! of! 23! Streptococcus! species! and! 402! α@haemolytic! non@pneumococcal!
isolates!were!tested!by!the!real@time!PCR!assays!targeting!S.&pneumoniae!genes!lytA,!piaB,!hylA,!and!
SP_2020.! In! this! study,! a! sample!was! considered! positive!when! the! cycle! threshold! (CT)! value!was!
equal!or!below!35!(left! image).!However,! the!usefulness!of! increasing!the!cut@off!value!to!Ct<40,!as!




The! two! isolates! misidentified! as! pneumococcus! by! lytA@CDC! were! S.&
pseudopneumoniae.! (Table!1)! (Simões& et&al.,!2016).!Homologues!of! lytA!have!been!
previously!described! in!S.&pseudopneumoniae! and!S.&mitis! (Whatmore& et&al.,! 2000;!
Romero&et&al.,!2004;!Shahinas&et&al.,!2011).!
The!assays!with!the!best!performance!for!the!identification!of!pneumococcus!were!
SP_2020! and! lytA@CDC!with! a! sensitivity! of! 100%! and! a! PPV! of! 99.3%! and! 98.7%,!
respectively!(p=0.564,!Table!1).!Analysis!of!all!possible!combinations!between!assays!
showed! that! it! is! possible! to! increase! the! PPV! from! 99.3%! to! 100%! without!
decreasing!the!sensitivity!by!combining!the!SP_2020!assay!with!either!the! lytA@CDC!
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was! equal! or! below! 35.! This! is! the! CT! value! recommended! by! the! WHO! for! the!
diagnosis! of!meningitis! caused! by! pneumococcus! using! the! lytA@CDC! assay! (WHO,!






lower! concentration! of! pneumococcus! in! the! sample! rather! than! unspecific!
amplification! of! sequences! of! closely! related! species! of! the! viridans! group! of!





with! pneumococcal@like! characteristics,! as! the! isolates! were! initially! selected! as!
presumptive! pneumococcus,! and! so! does! not! represent! the! plethora! of! non@S.!
pneumoniae& Streptococcus& spp.! present! in! the! human! microbiota.! Although! the!
determined! PPV! of! the! assays! tested! may! be! underestimated,! this! study! clearly!




In! conclusion,! this! study! suggests! that! detection! of! SP_2020! in! combination! with!




This!work!was! funded!by! Project! LISBOA@01@0145@FEDER! (Microbiologia!Molecular,!
Estrutural! e! Celular)! funded! by! FEDER! funds! through! COMPETE2020! –! Programa!
Operacional! Competitividade! e! Internacionalização! (POCI)! and! by! national! funds!
through!FCT!–!Fundação!para!a!Ciência!e!a!Tecnologia,!Portugal! (grants!PTDC/BIA@
MIC/64010/2006! and!PTDC/BIA@BEC/098289/2008! to!RSL,! SFRH/BD/70147/2010! to!
DAT,!and!UID/CBO/04612/2013).!
The!authors!are!thankful! to!Ana!Cristina!Paulo!from!the!Molecular!Microbiology!of!
Human! Pathogens! Laboratory,! ITQB@NOVA! for! her! support! with! the! statistical!
analysis! and! preparation! of! Figure! 1.! The! authors! thank! Dea! Shahinas! from! the!












Brown,) J.S.,) S.M.) Gilliland) and) D.W.) Holden.) (2001).! A! Streptococcus& pneumoniae! pathogenicity!
island!encoding!an!ABC!transporter!involved!in!iron!uptake!and!virulence.!Mol&Microbiol!40,!572@85.!
Carvalho)Mda,)G.,)M.L.)Tondella,)K.)McCaustland,)L.)Weidlich,)L.)McGee,)L.W.)Mayer,)A.)Steigerwalt,)
M.) Whaley,) R.R.) Facklam,) B.) Fields,) G.) Carlone,) E.W.) Ades,) R.) Dagan) and) J.S.) Sampson.) (2007).!
Evaluation!and!improvement!of!real@time!PCR!assays!targeting!lytA,!ply,!and!psaA!genes!for!detection!
of!pneumococcal!DNA.!J&Clin&Microbiol!45,!2460@6.!











identification! of! Streptococcus& pneumoniae.! Optochin,! bile! solubility,! quellung,! and! the! AccuProbe!
DNA!probe!tests.!Am&J&Clin&Pathol!109,!55@61.!
Obert,) C.,) J.) Sublett,) D.) Kaushal,) E.) Hinojosa,) T.) Barton,) E.I.) Tuomanen) and) C.J.) Orihuela.) (2006).!
Identification! of! a! Candidate! Streptococcus& pneumoniae! core! genome! and! regions! of! diversity!
correlated!with!invasive!pneumococcal!disease.!Infect&Immun!74,!4766@77.!
Pozzi,) G.,) M.R.) Oggioni) and) A.) Tomasz.) (1989).! DNA! probe! for! identification! of! Streptococcus&
pneumoniae.!J&Clin&Microbiol!27,!370@2.!
Richter,)S.S.,)K.P.)Heilmann,)C.L.)Dohrn,)F.)Riahi,)S.E.)Beekmann)and)G.V.)Doern.)(2008).!Accuracy!of!
phenotypic!methods!for! identification!of!Streptococcus&pneumoniae! isolates! included! in!surveillance!
programs.!J&Clin&Microbiol!46,!2184@8.!
Romero,)P.,)R.)Lopez)and)E.)Garcia.)(2004).!Characterization!of!LytA@like!N@acetylmuramoyl@L@alanine!




carried! by! vaccinated! and! unvaccinated! day@care! centre! attendees! in! Portugal,! a! country! with!
widespread!use!of!the!seven@valent!pneumococcal!conjugate!vaccine.!Clin&Microbiol&Infect!15,!1002@7.!
Satzke,) C.,) P.) Turner,) A.) Virolainen3Julkunen,) P.V.) Adrian,) M.) Antonio,) K.M.) Hare,) A.M.) Henao3
Restrepo,)A.J.)Leach,)K.P.)Klugman,)B.D.)Porter,)R.)Sa3Leao,)J.A.)Scott,)H.)Nohynek,)K.L.)O'Brien)and)
W.H.O.P.C.W.) Group.) (2013).! Standard! method! for! detecting! upper! respiratory! carriage! of!













Simões,) A.S.,) C.) Valente,) H.) de) Lencastre) and) R.) Sá3Leão.) (2011).! Rapid! identification! of!
noncapsulated! Streptococcus& pneumoniae! in! nasopharyngeal! samples! allowing! detection! of! co@
colonization!and!reevaluation!of!prevalence.!Diagn&Microbiol&Infect&Dis!71,!208@16.!
Tavares,) D.A.,) A.S.) Simões,) H.J.) Bootsma,) P.W.)Hermans,) H.) de) Lencastre) and) R.) Sá3Leão.) (2014).!
Non@typeable!pneumococci! circulating! in!Portugal!are!of!cps! type!NCC2!and!have!genomic! features!
typical!of!encapsulated!isolates.!BMC&Genomics!15,!863.!
Trzcinski,)K.,)D.)Bogaert,)A.)Wyllie,)M.L.)Chu,)A.)van)der)Ende,)J.P.)Bruin,)G.)van)den)Dobbelsteen,)
R.H.) Veenhoven) and) E.A.) Sanders.) (2013).! Superiority! of! trans@oral! over! trans@nasal! sampling! in!
detecting!Streptococcus&pneumoniae!colonization!in!adults.!PLoS&One!8,!e60520.!
Wester,) C.W.,) D.) Ariga,) C.) Nathan,) T.W.) Rice,) J.) Pulvirenti,) R.) Patel,) F.) Kocka,) J.) Ortiz) and) R.A.)
Weinstein.) (2002).! Possible! overestimation! of! penicillin! resistant! Streptococcus& pneumoniae!
colonization!rates!due!to!misidentification!of!oropharyngeal!streptococci.!Diagn&Microbiol& Infect&Dis!
42,!263@8.!
Whalan,) R.H.,) S.G.) Funnell,) L.D.) Bowler,) M.J.) Hudson,) A.) Robinson) and) C.G.) Dowson.) (2006).!
Distribution! and! genetic! diversity! of! the! ABC! transporter! lipoproteins! PiuA! and! 3A! within!
Streptococcus&pneumoniae!and!related!streptococci.!J&Bacteriol!188,!1031@8.!
Whatmore,)A.M.,)A.)Efstratiou,)A.P.)Pickerill,)K.)Broughton,)G.)Woodard,)D.)Sturgeon,)R.)George)and)
C.G.) Dowson.) (2000).! Genetic! relationships! between! clinical! isolates! of! Streptococcus& pneumoniae,!
Streptococcus& oralis,! and! Streptococcus& mitis:! characterization! of! "Atypical"! pneumococci! and!
organisms!allied! to!S.&mitis!harboring!S.&pneumoniae! virulence! factor@encoding!genes.! Infect& Immun!
68,!1374@82.!
WHO,! 2011.! PCR! for! detection! and! characterization! of! bacterial! meningitis! pathogens:! Neisseria&
meningitidis,!Haemophilus&influenzae,!and!Streptococcus&pneumoniae.!In:!Laboratory!Methods!for!the!
Diagnosis! of! Meningitis! caused! by! Neisseria& meningitidis,! Streptococcus& pneumoniae,! and!
Haemophilus&influenzae,!WHO!Manual,!2nd!edition.!
Wyllie,)A.L.,)M.L.)Chu,)M.H.)Schellens,)J.)van)Engelsdorp)Gastelaars,)M.D.)Jansen,)A.)van)der)Ende,)
















that! has! for! long! been! largely! ignored.! Moreover,! the! usefulness! of! lytA?based!
pneumococcal!identification!methods!was!assessed!and!new!candidate!targets!were!
tested!for!the!identification!of!pneumococcus!by!real?time!PCR.!
The! results! presented! in! Chapter* 2! provide! strong! evidence! that! non?typeable!
pneumococci! are! very! similar! to! encapsulated! pneumococci! in! terms! of! core!
genome.! The! major! differences! found,! apart! from! the! lack! of! capsule,! was! the!
absence! of! type?I! and! type?II! pili,! choline?binding! protein! A,! and! pneumococcal!
surface!protein!A!from!all!NT!tested.!Furthermore,!NT!carriage!strains!circulating!in!
Portugal! over! a! decade!were! found! to! be! a! homogeneous! group! belonging! to! cps(
type!NCC2,!i.e.,!harbouring!aliB?like!ORF1!and!aliB?like!ORF2.!Given!the!fact!that!NT!
are!not!included!in!currently!available!vaccines!and!its!prevalence!in!colonisation!is!
increasing,! we! propose! that! NT! should! be! routinely! identified! and! reported! in!
pneumococcal!carriage!surveillance!studies.!
In!Chapter* 3!we! characterised! 11!α?haemolytic! streptococcal! isolates! of! uncertain!
species! identification! by! methods! widely! used! to! identify! pneumococcus! such! as!
optochin! susceptibility,! bile! solubility,! MLST! and! lytA?BsaAI?RFLP.! Of! particular!
interest,! a! pneumococcal! isolate! had! a! lytA! homologue! and! lacked! the! typical!
pneumococcal! lytA! and! two! S.( pseudopneumoniae! isolates! had! the! characteristic!







Following! the! results! presented! in! Chapter! 3,! in! Chapter* 4! we! evaluated! the!
performance! of! four! real?time! PCR! assays! for! the! identification! of! pneumococcus.!
Using!a!collection!of!close!to!600!α?haemolytic!streptococcal!isolates,!including!150!
pneumococci!and!31!strains!from!other!Streptococcus!species,!we!evaluated:! i)! the!
lytA?CDC!real?time!PCR!assay;! ii)!a!piaB! real?time!PCR!assay!that!hass!been!used! in!
parallel!with!lytA!to!increase!specificity;!and!iii)!two!new!candidate!targets,!hylA!and!
SP_2020.! The! real?time! PCR! assay! with! the! best! performance! in! identifying!
pneumococcus! were! the! SP_2020! and! lytA?CDC! assays! with! a! positive! predictive!
value!of!99.3%!and!98.7%,!respectively!(p=0.564).!
Altogether,! the! work! presented! in! this! thesis! contributed! to! improve! knowledge!
about! NT! and! pneumococcal! molecular?based! identification! methods.! Yet,! some!
interesting! topics! related!with! these!studies!were! left!untouched!and!could!be! the!
focus!of!future!investigation.!





may!have!been! limited.!We!may!have!missed,! for! example,! parts!of! the!accessory!
genome!of!NT.! Also,! some!pneumococcal! virulence! genes! that!were! found! absent!
from! the!NT! strains! studied,! such! as! choline! binding! protein! A! and! pneumococcal!
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surface! protein! A,! could,! in! fact,! be! present! in! a! divergent! form! (Valentino( et( al.,!





have! the! potential! to! cause! (invasive)! disease! if! shielded! by! a! pneumococcal!
polysaccharide! capsule.! We! have! shown,! under! the! scope! of! this! thesis,! that! NT!
harbour!most! pneumococcal! virulence! genes.! It! is! also! known! that! NT! are! usually!
resistant!to!antimicrobials!and,!although!rarely,!capable!of!causing! invasive!disease!
(Sá?Leão( et( al.,! 2006;! Hilty( et( al.,! 2014;! Park( et( al.,! 2014).! Because! NT! are! highly!
transformable!and!capsular!switching!can!occur!between!pneumococci!(Weiser!and!
Kapoor,! 1999;! Wyres( et( al.,! 2013),! it! is! reasonable! to! speculate! that! NT! could!
potentially!acquire!a!pneumococcal!capsule.!It!would!be!interesting!to!estimate!the!
frequency!at!which!NT!are!able!to!acquire!a!pneumococcal!capsule!in(vitro!and!if!this!
capsule! could! be!maintained!or!whether! the! genotype!would! soon!be! reverted.! It!
would!also!be! interesting! to!estimate! the! invasive!disease!potential!of! strains!with!
NT!backgrounds!but!expressing!a!capsule.!
Regarding! the! identification! of! NT,! we! have! previously! described! a! multiplex! PCR!









In! Chapter! 3,! a! pneumococcal! isolate! harbouring! a! homologue! of! lytA! and! two! S.(
pseudopneumoniae!harbouring! lytA(were!described.! It!would!be!very! interesting!to!
characterise! these! isolates! by!WGS! to! investigate!whether! only! the! lytA! has! been!
lost/gained! or! if! a! smooth! transition! between! pneumococcus! and! closely! related!
species!can!be!observed!in!these!strains!as!it!has!been!previously!proposed!to!occur!
for!some!isolates!(Hakenbeck(et(al.,!2001).!To!address!this!question,!it!would!also!be!
interesting! to! systematically! screen! for! isolates! of! ambiguous! identification! and! to!
perform!a!WGS!study!aiming!to!characterise!a!large!collection!of!such!isolates.!This!
could!potentially!increase!the!knowledge!about!the!evolution!of!pneumococcus!and!
closely! related! species! generated! by! the! analysis! of! pneumococcal,! S.( mitis,! S.(
pseudopneumoniae,!S.(oralis,!and!S.(infantis!genomes!(Kilian(et(al.,!2014).!
Finally,! but! not! less! importantly,! the! SP_2020! real?time! PCR! assay! for! the!
identification!of!pneumococcus!developed!under! the! scope!of! this! thesis!was!only!
tested!for!pure!cultures.!It!would!be!useful!to!extend!the!tests!to!complex!carriage!
samples! from! both! children! and! adults,! and! to! disease! samples! from! several!
anatomical!sites.!This!could!be!done!after!automated!DNA!extraction!directly! from!
both!carriage!and!clinical!samples!or!after!culture!enrichment!for!pneumococcus!(as!






healthy! children! (Dagan( et( al.,! 1998).! Although! similar! studies! using! the! lytA?CDC!
real?time! PCR! assay! did! not! reach! the! same! results,! as! no! false! positive! urine! or!
blood!samples!were!detected!in!healthy!children,!it!is!important!to!address!this!issue!
for! any! new!proposed! assay! (Azzari( et( al.,! 2011;! Rouphael( et( al.,! 2011).! For! these!
reasons,! it! would! be! interesting! to! perform! a! longitudinal! study! on! children! with!






study!would! enable! the! estimation! of! false! positives! arising! from! the! presence! of!
pneumococcal! DNA! in! normally! sterile! sites! outside! the! timeframe! of! disease.! Of!
course!similar!studies!could!also!be!performed!for!pneumonia!and!otitis!media.!
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